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ABSTRACT 


The  purpose  of  this  work  was  to  observe  the  effects  of  selected  experimental  and 
material  variables  on  the  performance  of  metal/metal  adhesive  bonded  joints. 

Three  adhesives  were  used:  FM1000,  EC2214  and  Metlbond  329  with  aluminum 
and  titanium  adherends.  The  major  experimental  variables  were  test  temperature 
and  strain  rate.  Material  variables  included  composition  of  adhesive,  adherend 
material,  bond-line  thickness  and  tapered  bond-lines.  The  following  properties 
were  determined  for  tensile  and  shear  loading:  modulus,  microyield  stress,  precision 
elastic  limit,  viscoelastic  flow,  and  fracture  behavior.  Lap  shear  properties  were 
also  measured.  The  strains  were  determined  using  a  high  sensitivity  capacitance- 
type  extensometer. 

It  was  found  that  the  tapered  bond-lines  did  not  degrade  the  properties;  in  fact, 
the  viscoelastic  flow  was  considerably  reduced.  The  adhesives  at  72°F,  and  higher, 
were  elastic  only  up  to  about  5  to  15  percent  of  the  fracture  stress.  The  elastic 
limits  were  lower  and  the  viscoelastic  flow  was  higher  for  shear  loading  than  for 
tension.  Raising  the  test  temperature  and  lowering  the  strain  rate  produce 
similar  effects.  Temperature  cycles  below  the  curing  temperature  did  not  influence 
the  room-temperature  properties.  Poor  bonding  procedures  and  out-of-date 
adhesives  provided  the  most  damaging  effects  on  the  properties. 


FOREWORD 
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Effects  of  Nonuniform  Bond  Lines 

INTRODUCTION 


The  objectives  of  this  research  program  were  to:  provide  a  better  understanding 
of  adhesive  bonded  joints,  obtain  information  needed  to  improve  present  technology 
in  the  design  of  bonded  structures,  and  evaluate  the  effects  and  interaction  of 
adhesiv  material  variables  and  service  test  variables  on  bonded  joints.  To 
accomplish  these,  microstrain  techniques  were  used  to  determine  the  mechanical 
properties  of  metal/metal  bonded  joints  as  a  function  of  a  number  of  experimental 
and  material  variables.  Microstrain  analysis  employs  high  sensitivity  capacitance- 
type  extensometers  capable  of  resolving  extensions  of  the  order  of  5  x  10“^  inches 
and  angles  of  twist  of  6  x  10"®  radians. 
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EXPERIMENTAL  PROCEDURES 


TEST  MATERIALS 


In  this  program,  two  adherend  materials  were  used:  7075  aluminum  alloy  in  the 

T 6  condition  and  titanium  -  6  aluminum  -  4  vanadium  in  the  full  hard  condition. 

Three  adhesives  were  studied: 

1 .  Metlbond  329,  Narmco  Materials  Division,  Whittaker  Corporation. 

This  is  a  100-percent-solids,  modified  epoxy  adhesive  film  supported 
on  a  synthetic  fabric  carrier.  Since  it  is  symmetric,  it  is  not  necessary 
to  orient  the  film  with  respect  to  the  adherends.  Metlbond  329  provides 
for  load-bearing  metal-to-metal  and  sandwich  applications  capable  of 
long-time  operation  at  temperatures  ranging  from  -423°  to  450°F. 

2.  EC2214,  3M  Company.  This  is  a  one-part,  100-percent -so  I  ids, 
thermosetting  liquid  adhesive  which  gives  off  no  volatile  by-products 
during  cure.  St  has  high  impact,  peel  and  bend  strengths  with  a  service 
temperature  range  of  -70 P  to  200°F. 

3.  FM1000,  Bloomingdale  Department,  American  Cyanamid  Company. 

This  adhesive  is  a  white,  elastomeric  unsupported  film  designed  for 
structural  bonding  of  all  metals,  sandwich  construction,  wood  and 
plastics.  A  primer  is  not  required  except  where  processing  requires 
"tacking"  of  the  film  in  place. 

HIGH  SENSITIVITY  EXTENSOMETER 


In  order  to  measure  strains  of  a  few  percent  in  a  specimen  whose  gage  length  may  be 
as  small  as  0.005  inch  (the  adhesive  in  a  bonded  joint,  for  example),  it  is  necessary 
to  have  an  extensometer  that  can  resolve  deformations  as  small  as  10“^  or  10“^ 
inches.  Such  an  instrument  has  been  developed  and  is  in  daily  use  in  the  Research 
Center  ^^,3_  jhe  basic  instrumentation  was  originally  conceived  for  deformation 
studies  of  metals.  A  description  of  that  extensometer  is  presented  here. 
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•  It  has  the  highest  theoretical  (10  )  and  practical  (10  )  extension 

sensitivity  of  all  available  gages. 

•  Since  the  extensometer  is  mounted  on  the  specimen,  it  does  not 
record  any  deformations  in  the  loading  assembly. 

•  Inis  extensometer  measures  bulk  behavior,  and  does  not  modify 
or  alter  the  surface  structure  of  the  specimens. 


2 


•  Sensitivities  of  2  x  10  inches  are  routinely  obtained,  even  after 
large  prestrains  (25  percent  strain  with  a  1-inch  gage  length). 

•  The  present  extensometer  has  been  used  at  temperatures  between 
4.2°  and  473°K.  A  design  has  been  worked  out  for  an  extensometer 
capable  of  operating  up  to  about  1000°K. 

•  By  matching  the  coefficients  of  expansion  of  the  specimen  and 
the  extensometer  material,  temperature  fluctuations  as  large  as 
iO.PK  do  not  influence  the  results. 

•  The  capacitance  bridge  output  is  easily  recorded. 

•  Present  extensometers  can  be  used  with  specimen  diameters  ranging 
from  0.060  to  1 .250  inches  and  lengths  from  0.002  to  3  inches. 

The  extensometer  consists  of  two  parallel  copper  plates,  in  close  proximity,  which 
are  mounted  concentrically  on  the  tensile  specimen  (a  schematic  diagram  is  shown 
in  Figure  1).  A  suitable  circuit  determines  the  capacitance  of  the  system,  which 
is  a  measure  of  the  separation  of  the  plates  according  to  the  formula 


where 

C  =  capacitance 
a  =  a  constant 

K  =  dielectric  constant  of  medium  between  plates 
A  =  area  of  smaller  plate 
D  =  distance  between  plates 

Thus  a  change  in  the  distance  between  the  plates  means  a  change  in  the  capacitance, 
so  that  any  changes  in  the  length  of  the  test  section  can  be  recorded.  The 
extensometer  forms  one  leg  of  a  capacitance  bridge  which  is  balanced  at  the 
beginning  of  the  test.  As  the  specimen  is  extended,  the  capacitance  of  that  leg 
decreases,  thereby  unbalancing  the  bridge.  The  bridge  out-of-balance  voltage 
is  amplified  and  fed  to  the  X-axis  of  an  X-Y  recorder. 


3 


TO  LOAD  CELL 


Figure  1.  Capacitance-Type  Exfeniomefer . 
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To  calibrate  the  extensometer,  one  plate  is  mounted  on  a  precision  micrometer 
thread  so  that  it  can  be  moved  accurately  a  small  distance.  The  response  of  the 
pen  on  the  X-axis  gives  the  sensitivity,  which  may  be  as  high  as  5  x  10"^  inches  per 
division  (20  divisions  per  inch  of  graph  paper).  The  sensitivity  is  controlled  through 
three  variables,  initial  plate  separation  (usually  about  0.025  inch),  voltage  range 
of  X-axis  on  recorder,  and  amplification  of  bridge  out-of-balance  voltage 
(Robertshaw  Fulton  Proximity  Meter).  Other  things  being  equal,  the  smaller  the 
gap,  the  greater  the  sensitivity,  since  a  given  displacement  represents  a  larger 
percentage  of  change  in  a  small  gap  than  in  a  large  gap. 

During  the  development  of  the  capacitance  extensometer  and  the  evaluation  of 
alternate  methods,  consideration  was  given  to  the  amount  of  bending  introduced 
during  tensile  testing.  Misalignment  was  establ ished  with  the  use  of  both  bonded 
resistance  strain  gages  and  a  Huggenberger  mechanical  strain  gage  placed  at 
different  points  around  the  circumference  of  a  tensile  specimen.  The  amount  of 
bending  was  reported  as  the  variation  in  readint  of  the  gages  for  different  stress 
levels.  Combinations  of  chains  and  universal  joints  were  first  used  and  were  found 
to  introduce  strain  differences  of  10  percent  and  higher.  The  minimum  amount  of 
bending  (about  5  percent)  resulted  when  a  ball-and-socket  joint  was  mounted  on 
each  end  of  the  specimen.  It  was  found  that  a  small  (bias)  load  had  to  be 
maintained  at  all  times  to  preserve  a  'ity. 

ADHEREND  PREPARATION 


All  the  adherends  and  bonding  fixtures  used  in  this  program  were  machined  from 
7075  aluminum  in  the  T-6  condition  and  Ti-6Al-4V  as  heat  treated.  The  tensile 
specimens  were  in  the  form  of  a  butt  joint  made  with  adherends  having  a  circular 
cross  section  and  a  diameter  at  the  epoxy/adherend  interface  of  0.500  inch.  A 
schematic  view  of  an  adherend  and  the  gripping  assembly  is  shown  in  Figure  2. 

The  machining  specifications  for  the  adherends  are  as  follows:  (1)  the  adhesive  face 
to  be  flat  within  one  light  band  of  helium  (5876^);  (2)  the  adhesive  face  to  be 
perpendicular  to  the  surface  of  the  0. 500-inch  diameter  within  0.00005  inch  Total 
Indicated  Reading  (T.  I.R.);  (3)  the  0. 500-inch  diameter  to  be  round  within  0.00005 
inch  and  to  match  the  mating  adherend  diameter  within  0. 00005  inch  T .  I .  R . ; 

(4)  the  adhesive  face  surface  *o  have  a  roughness  of  4  to  5  microinches  (arithmetic 
average,  using  the  standard  cutoff  width  jf  0.030  inch)  wirh  the  stylus  traverse 
made  in  several  directions;  (5)  the  arfiesive  face  circumference  to  have  a  sharp  edge 
with  a  maximum  radius  of  0.002  inch.  The  several  machining  processes  have  been 
organized  so  as  to  meet  these  specifications. 
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tiirlads  for 


Figure  2. 


Toralle  Adherend  Gripping  Assembly. 
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For  shear  tests,  napkin-ring  type  adherends  were  used.  At  the  adhesive  face, 
these  adherends  are  right  circular  hollow  cylinders,  having  a  3-inch  outside  diameter 
and  a  wall  thickness  of  0. 1 25  inch .  The  opposite  ends  of  the  adherends  have  wall 
thicknesses  of  1  inch  for  attaching  to  the  torsion  test  apparatus.  The  machining 
specification  for  the  shear  adherends  was  the  same  as  for  the  tensile  specimens 
with  these  additional  requirements:  the  adhesive  face  to  be  perpendicular  to  the 
surface  of  the  inside  diameter  within  a  T.  1 . R ,  of  50  x  10"6  inches  and  the  inside 
and  outside  diameters  of  the  adhesive  face  to  be  concentric  to  within  10“^  inch 
T.I.R. 

There  were  three  major  reasons  for  selecting  this  type  of  shear  test: 

1  .  With  tests  such  as  these,  the  loading  mode  is  pure  shear;  that  is,  there 
are  no  tensile  forces  acting  on  the  joint.  With  more  commonly  used 
lap  shear  tests,  cleavage  loading  is  always  present  due  to  elastic  or 
plastic  deformation  of  the  metal  adherends.  Thus  the  lap  shear  test  data 
are  difficult  to  interpret  in  terms  of  shear  characteristics. 

2.  Pure  shear  tests  do  not  involve  dimensional  changes  in  the  specimer. 

This  is  in  contrast  to  tensile  tests  where  the  material  is  elongated  in  one 
direction  and  tends  to  contract  laterally  to  maintain  constant  volume 
(Poisson's  ratio).  In  tensile  tests  and  lap  shear  tests  using  metallic 
adherends  bonded  together,  the  difference  in  Poisson's  ratio  between 

the  metal  and  the  adhesive  material  influences  the  deformation  characteristics 
of  the  adhesive.  That  is,  when  the  joint  is  strained  in  tension,  the 
adhesive  material  is  not  free  to  contract  laterally  according  to  its  own 
Poisson's  ratio  because  it  is  constrained  to  follow  the  Poisson  contraction 
of  the  adherend.  This  constraint  on  the  adhesive  material  is  present 
in  both  tensile  tests  and  lap  shear  tests.  In  napkin-ring  tests,  where  the 
only  deformation  is  pure  shear,  the  absence  of  dimensional  changes 
eliminates  any  effects  resulting  from  differences  in  the  Poisson's  ratio 
between  the  adherend  and  the  adhesive  material. 

3.  In  all  torsion  tests,  the  strain  is  a  function  of  the  radial  distance  from 

the  axis  of  rotation.  The  strain  is  zero  at  the  axis  of  rotation  and  increases 
to  a  maximum  at  the  perimeter  of  the  specimen.  With  this  variable 
strain,  it  is  difficult  to  calculate  the  shear  modulus.  Thus,  a  thin-walled 
tube  is  used  where  the  wall  thickness  is  small  compared  to  the  diameter  of 
the  tube.  The  strain  changes  so  little  across  this  wall  that  it  can  be 
considered  uniform. 

The  lap  shear  adherends  were  carefully  machined  to  1  inch  by  6  inches  in  the 
various  thicknesses. 
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Two  adherend  cleaning  methods  were  used  prior  to  bonding:  ora  for  aluminum 
and  the  other  for  titanium.  These  tv/o  were  selected  after  evaluating  other 
procedures.  The  cleaning  method  for  aluminum  was  developed  by  the  Forest 
Products  Laboratory,  University  of  Wisconsin: 

1.  Degrease. 

2.  Dip  in  chromic  acid  solution  at  150°  ±  5°F  for  10  minutes. 

sodium  dichromate  -  1  part/weight 
distilled  water  -  20  parts/weight 
concentrated  sulfuric  acid  -  10  parts/weight 

3.  Rinse  the  metal  thoroughly  in  cold,  running  distilled  or  deionized  water. 

4.  Oven  dry  at  145°  ±  5°F  for  about  10  minutes  or  air  dry. 

For  titanium  adherends,  a  procedure  developed  by  the  American  Cyanamid 
Company  was  used: 

1.  Wipe  with  methyl  ethyl  ketone. 

2.  Degrease  with  trichloroethylene  vapor. 

3.  Pickle  in  the  following  water  solution  at  room  temperature  for  4  minutes: 

nitric  acid  -  15%  by  weight 
hydrofluoric  acid  -  3%  by  weight 

4.  Rinse  in  tap  water  at  room  temperature. 

5.  Immerse  in  the  following  water  solution  at  room  temperature  for  2  minutes: 

trisodium  phosphate  -  50  grams/liter  of  solution 

potassium  fluoride  -  20  grams/liter  of  solution 

hydrofluoric  acid  (50%  solution)  26  milliliters/liter  of  solution 

6.  Rinse  in  tap  water  at  room  temperature. 

7.  Soak  in  150°F  tap  water  for  15  minutes. 

8.  Spray  with  distilled  water  and  air  dry. 

One  of  the  methods  for  observing  the  surface  finish  of  the  tensile  and  shear 
adherends  was  a  Talysurf  profile.  In  this  method,  a  stylus  is  drawn  across  the  surface 
and  the  vertical  displacement  is  recorded  on  a  strip  chart.  A  diamond  stylus  with  a 
tip  radius  of  10"^  inch  was  employed;  the  stroke  length  was  0.5  inch.  The  strip 
chart  moved  at  a  rate  20  times  faster  than  the  stylus,  giving  an  effective  linear 
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magnification  of  20.  The  sensitivity  of  the  vertical  travel  was  10  x  10“^  inches 
per  division  of  chart  paper.  On  all  adherends  Talysurf  profiles  were  made  in  two 
directions,  at  right  angles  to  each  other.  A  typical  trace  on  an  as-lapped  adherend 
is  shown  in  Figure  3.  To  ensure  that  the  cleaning  procedures  used  prior  to  bonding 
did  not  cause  the  flatness  and  roughness  to  exceed  the  above  tolerances,  Talysurf 
measurements  were  made  on  each  adherend  at  regular  intervals.  If  the  Talysurf 
profiles  indicated  that  the  flatness  or  roughness  tolerances  were  exceeded,  the 
adherend  was  refinished  by  lapping.  A  typical  profile  of  a  specimen  damaged  by 
the  cleaning  solutions  is  shown  in  Figure  4. 

SPFCIMEN  PREPARATION 


The  test  specimens  were  bonded  immediately  after  cleaning.  Very  careful 
fixturing  was  used  to  guarantee  concentricity  and  axiality  of  the  three  types  of 
specimens.  In  each  case,  the  fixtures  were  made  of  the  same  material  as  the 
adherends  so  as  to  minimize  differential  strains  due  to  different  coefficients  of 
thermal  expansion. 

The  tensile  specimens  were  prepared  in  a  V-block  assembly.  Two  V-blocks  were 
mounted  on  a  base  with  a  removable  end  plate;  one  V-block  has  two  spring 
clips  for  holding  the  adherend.  To  obtain  a  constant  joint  thickness  using  this 
fixture,  the  following  procedure  is  employed:  a  precision  shim  (having  a  thickness 
equal  to  the  desired  bond-line  thickness)  is  placed  on  the  end  plate,  and  one  of 
the  adherends  is  placed  in  the  V-block  in  firm  contact  with  the  shim  and  held  in 
place  with  the  spring  clips.  The  other  adherend  is  then  placed  in  the  second 
V-block  and  pressed  against  the  first  adherend.  A  U-type  damp  is  used  to  hold 
this  adherend  in  position.  The  base  plate  and  shim  are  then  removed  as  was  the 
adherend  held  in  position  with  the  spring  clips.  The  adherend  still  clamped  in 
the  V-block  is  then  coated  with  the  adhesive.  The  uncoated  adherend  is  replaced 
in  the  spring  clamp  V-block  and  positioned  about  1/16  inch  away  from  the  coated 
surface.  The  end  plate  is  replaced  in  position  (without  the  shim)  and  slowly 
tightened  down.  This  procedure  results  in  a  joint  having  the  proper  bond-line 
thickness.  Excess  adhesive  is  wiped  away  from  the  joint  immediately  after  assembly. 
The  adherends  are  held  this  way  until  the  curing  cycle  is  completed. 

The  shear  specimens  were  bonded  using  a  specially  designed  central  arbor. 

Figure  5  is  a  photograph  of  two  napkin-ring  type  adherends  and  the  central  bonding 
arbor  used  to  fixture  them  during  the  cure  cycle.  The  arbor  consists  of  a  metal 
shaft  surrounded  by  a  Teflon  ring  (a)  at  the  position  of  the  adhesive  line.  Three 
steel  pins  (b)  located  at  120°  intervals  are  press-fitted  into  the  shaft  through  the 
Teflon  ring  to  provide  the  arbor  with  a  dimensionally  stable  diameter.  During  cure, 
these  pins  seat  against  the  inner  surface  of  the  adherends  at  the  bond  line 
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Figure  5,  Shear  Adherends  and  Bonding  Fixture. 


and  maintain  concentricity  of  the  adherends  with  respect  to  each  other.  The 
Teflon  ring  serves  to  prevent  bonding  of  the  arbor  to  the  adherends,  and  also  keeps 
the  inner  diameter  of  the  adherend  free  of  adhesive.  Close-fitting  slip  rings  (c) 
are  located  at  both  ends  of  the  arbor,  thus  providing  axial ity  of  the  adhesive- 
bonded  adherends.  Since  both  axial  ity  and  concentricity  of  the  adherends  is 
insured,  the  adherend  faces  (which  have  been  carefully  machined  perpendicular  to 
the  axis  of  the  adherends)  remain  parallel  to  each  other  and  thus  provide  a  uniform 
bond  thickness.  The  bond-line  thickness  obtained  is  constant  to  within  ±0.0005 
inch  for  the  majority  of  joints  prepared  in  this  manner.  For  cast  adhesives,  joint 
thickness  is  established  by  holding  the  adherends  apart  with  gage  blocks  located 
between  pins  (not  shown)  which  have  been  press-fitted  into  the  adherends.  A  leaf 
spring  (d)  bolted  to  the  end  of  the  arbor  maintains  pressure  during  the  cure, 
preventing  movement  of  the  gage  blocks.  Gage  blocks  are  not  used  for  sheet 
adhesives,  the  bond  thickness  being  determined  by  both  the  initial  sheet  thickness 
and  the  pressure  applied  through  the  leaf  spring.  The  pressure  is  continuously 
adjustable  to  25  psi  by  controlling  the  position  of  the  bolt  (e) .  Higher  pressure 
can  be  attained  by  using  a  stiffer  spring. 

After  completion  of  the  cure,  the  adherends  are  removed  from  the  fixture  in  an  arbor 
press.  Since  adhesion  between  the  arbor  and  adherends  occurs  only  at  the  steel  pins, 
the  adherends  are  easily  dismounted. 

The  bond-line  thickness  for  both  tensile  and  shear  specimens  is  determined  by 
measuring  the  distance  between  pairs  of  diamond-shaped  indentations  located  on 
the  adherends.  These  indentations  are  formed  with  a  micro-hardness  tester  and 
spaced  at  90°  intervals  on  the  adherends  behind  the  grooves.  The  separation  of 
the  marks  is  measured  first  with  the  clean  adherends  butted  together,  and  again  after 
bonding.  The  precision  of  this  measurement  is  of  the  order  of  0.5  x  10"^  inches. 

The  lap  shear  specimens  were  made  in  a  Carver  Hydraulic  Press  using  a  fixture 
designed  to  produce  aligned  specimens  with  a  uniform  bond-line  thickness.  Each 
lap  shear  specimen  was  prepared  individually.  Finger-type  specimens  that  must  be 
cut  apart  after  bonding  were  not  used. 

The  cure  cycles  for  the  three  adhesives  are  shown  in  Table  1  and  are  identical  for 
both  aluminum  and  titanium  adherends. 

SHEAR  TESTS 

2  3 

The  shear  tests  '  use  napkin-ring  type  adherends  as  described  above.  The  shear 
specimen  consists  of  two  relatively  thin-walled  tubes  bonded  together  end  to  end; 
they  are  loaded  by  rotating  one  adherend  relative  to  the  other  about  an  axis 
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TABLE  I  .  CURE  CYCLES  FOR  ALUMINUM  AND  TITANIUM  ADHEREND 
SPECIMENS 


FM1000 

EC2214 

Metlbond 

329 

Temperature 

(°F) 

350 

250 

350 

Time 

(hr) 

2 

2/3 

2 

Pre-Heat  Temperature 

(°F) 

160 

160 

160 

Rate  of  Heating 
(°F/min) 

^6 

«4 

<=s6 

Shear  Bonding  Pressure 

(psi) 

26 

0 

26 

Tensile  Bonding  Pressure  50 

(psi) 

0 

**150 

- 3 
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coincident  with  the  longitudinal  axis  of  the  specimen.  The  torsion  testing  apparatus 
is  shown  schematically  in  Figure  6.  A  cenlral  axle  supports  the  bonded  shear 
specimen  by  means  of  close-fitting  bushings.  One  adherend  is  bolted  to  an  end 
plate;  the  other  adherend  has  a  torsion  sprocket  fastened  to  it.  Torque  is  applied  to 
this  latter  adherend  through  two  chains  on  opposite  points  of  the  torsion  sprocket . 

Two  chains  eliminate  any  bending  moments  on  the  specimen.  The  apparatus  is 
attached  to  the  cross-head  of  an  Instron  Testing  Machine,  and  the  loading  chains  are 
connected  to  the  load  cell  in  the  top  of  the  Instron.  The  capacitance-type 
extensometer  is  mounted  straddling  the  adhesive  bonded  joint  so  that  one  capacitor 
plate  is  stationary  along  with  the  fixed  adherend  while  the  other  plate  moves  as 
the  second  adherend  rotates.  The  resultant  change  in  plate  separation  introduces  a 
new  capacitance  value  which  is  calibrated  in  terms  of  angle  of  twist.  A  second 
extensometer,  not  shown  in  Figure  6,  is  mounted  on  one  of  the  adherends  for  use 
as  a  load  cell .  It  records  the  deformation  in  the  adherend  as  a  shear  stress. 
Load-extension  curves  are  drawn  on  an  X-Y  recorder,  with  the  output  from  the 
extensometer  that  measures  the  angle  of  rwist  fed  to  the  X-axis  while  the  "load 
cell"  extensometer  signal  is  put  into  the  Y-axis. 

For  measuring  the  angle  of  twist,  the  extensometer  is  attached  to  split  rings  which 
fit  into  grooves  in  the  adherends  near  the  adhesive  bonded  joint.  The  grooves 
serve  to  locate  the  split  rings,  in  a  reproducible  manner,  ut  a  distance  of  0.030 
inch  from  each  adherend  face.  Thus  the  amount  of  adherend  deformation  contributing 
to  the  observed  extension  is  limited  to  a  gage  length  of  0.060  inch,  representing 
a  significant  improvement  over  multiple  joint  designs  in  which  the  large  adherend 
deformation  obscured  the  results.  Here,  for  a  typical  choice  of  adherend  material 
and  adhesive  system,  the  adherend  deformcHon  represents  less  than  15%  of  the  total 
deformation  and  may  be  accurately  accounted  for  through  calibration  procedures. 

The  standard  test  procedure  is  to  record  load-extension  ccwes  for  load-unload  cycles 
starting  at  very  low  maximum  stress  values.  Load  cycles  are  repeated  at  increasing 
maximum  stress  values  until  the  specimen  fractures.  Such  procedures  are 
necessary  to  reveal  the  precision  elastic  limit,  microyield  stress,  viscoelastic 
behavior,  etc.  When  necessary,  the  procedures  were  modified  to  accommodate  the 
test  objectives. 

The  standard  cross-head  speed  for  shear  tests  was  0.5  in. /min.  To  observe  strain 
rate  effects,  two  other  speeds  were  used:  2.0  and  0.05  in. /min.  For  the  standard 
bond-line  thickness  of  0.008  in.,  these  cross-head  speeds  represent  strain  rates  of 
2.9  x  10“^,  7.2  x  10“2  and  7.2  x  10"^  per  minute,  in  order  of  decreasing  speeds. 
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Figure  6.  Torsion  Testing  Apporotus. 


Tho  entire  firs  ion  apparatus  fitt  intide  an  environmental  chamber  to  that  tciti  may 
be  mode  of  fcmpcrafurei  ranging  from  -100°  to  375°F.  H  igh-fr  mperoture  testing 
utet  on  air  atmosphere,  while  the  low-f emperof ore  wort  ii  done  in  carbon  dioxide 
gat.  Temperature  it  controlled  fo  1  f°F,  and  a  thermocouple  it  attached  to  the 
tpccimen  to  record  ift  temperature.  T h it  tome  environmental  chamber  wot  uted 
for  the  temik  arid  lop  iheor  tettt. 

The  tbcor  moctjlut  calculation  ttartt  with  the  forou''  1  applied  to  the  bonded  joint 

T  PD 

where  P  it  half  flic  output  of  the  adherend  load  cell  (the  load  in  eoch  chain)  and 
D  it  the  torsion  iprockct  diameter.  The  iheor  ttrcit  opplied  to  the  adhetive  joint  is 

r  TC  J 

where  C  it  the  radial  diitaace  to  the  center  line  of  the  joint  and  J  it  the  polar 
moment  of  inertia  given  by 

J  Vj2(d4-d4) 

o  I 

where  d.  and  d  arc  the  in-cr  and  outer  diametert  of  the  ac^erendi.  The  width  of 
I  o 

the  ocfierend  face  it  0.P5  inch,  tufficiently  tmoll  compared  to  the  I  .  5-inch 
rodiut  of  the  arfserendt  t  it  (tie  iheor  tfrett  acrott  it  may  be  contidered  conifont . 

Substituting  for  T  and  J  in  the  equation  for  T  , 

PDC 

I  -  ■  i 

*  32  (d4  -  d4) 

o  I 

The  iheor  tfrain  >  it  (dated  to  the  angle  of  fwitf,  Ad,  by 

>  C/l  A0 

where  L  it  the  goge  length  of  the  specimen  (bond-line  thicknett).  For  tmoll 
displacements,  A0  it  approximated  by  At  r  (the  displacement  meotured  with  the 
exfentomefer  divided  by  the  radial  distance  fo  the  center  of  the  exfentomefer) . 

The  thear  modulus  G  it  given  by 

G  r/> 
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Substituting,  this  becomes 


PDLr 


n/ 32 (d4  -  d4)  As 

o  I 

Putting  in  the  numerical  values  from  the  equipment, 

G  8.06  PL/ As 


TENSILE  TESTS 

As  described  above,  the  tensile  specimen  consists  of  iwo  J-inch-diomcfcr  metal  rods 
adhesive  bonded  end  to  end.  Each  arfiercnd  is  gripped  in  a  bol I -and-socket  joint  os 
shown  in  Figure  2.  Previous  studies  have  shown  that  such  on  arrangement  minimizes 
any  bending  in  the  specimen  during  application  of  the  load.  A  small  bias  load, 
about  10  to  20  pounds,  is  always  maintained  on  the  specimen  to  preserve  alignment 
in  the  tensile  assembly.  Similar  to  the  shear  tests,  the  tensile  specimen  is  subjected 
to  load-unload  cycles  at  increasing  maximum  stress  values  until  fracture  occurs. 

With  these  tensile  tests  ^*3,  the  applied  load  is  measured  by  the  Instron  load  cell 
whose  signal  output  is  fed  to  the  Y-axis  of  the  recorder.  The  tensile  deformation  is 
measured  using  a  capacitance-type  exfensometer  that  straddles  the  octiesive  bonded 
joint.  This  also  requires  that  the  recorded  data  be  corrected  for  the  adherend 
deformation  included  in  the  exfensometer  output  (this  correction  is  of  the  order  of 
15  percent  for  a  typical  specimen). 

For  standard  tensile  tests,  a  cross-head  speed  of  0.02  in. /min  was  used;  with  a 
bond-line  thickness  of  0.008  inch,  this  was  a  strain  rate  of  7.5  x  10*Vm'n-  For 
strain  rate  effects,  two  other  cross-head  speeds  were  used:  0.  1  and  0.002  in. /min, 
corresponding  to  strain  rates  of  3.75  x  10"^  and  7.5  x  10"  ‘/min,  respectively. 

LAP  SHEAR  TESTS 


All  lap  shear  tests  were  made  in  the  environmental  chamber  mounted  in  the  Instron 
Testing  Machine.  Wedge-type  grips  were  used  with  spacers  so  that  the  test 
a  I  ignment  was  axial .  The  standard  cross-head  speed  was  0.5  in  ./min  for  all  the 
tests;  additional  speeds  of  0.05  and  2.0  in  ./min  were  also  to  be  used  to  observe 
any  strain  rate  effects.  All  specimens  were  taken  directly  to  fracture. 
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DATA  TO  BE  REPORTED 


The  following  dota,  where  opplicablc,  were  recorded  for  eoch  test 

1  .  Specimen  Number  -  Specimem  ore  identified  by  o  code  using  o 

combination  of  letters  ond  number*,  where  the  first  three  letter*  identify 
the  ocfiejive,  the  odherend,  and  the  type  of  frit  (F  for  FMlO'4), 

E  for  EC 22 1  4,  M  for  Meflbond  32V,  T  for  titanium,  A  for  aluminum, 

S  for  shear,  T  for  ten?  Ic  and  L  for  lop  jhcar) .  The  next  elc  uent  it 
either  a  poir  of  onglej  separated  by  a  ?!aih  or  one  or  two  digit*.  The 
angle*  are  the  taper*  of  eoch  acfierend  bonding  face  (jee  Te»f  Program) 
used  for  nonuniform  bond-line  fhickneiici,  while  the  digit*  identify  a 
particular  pair  of  odherend*  u*ed  for  bord  ’ine*  of  uniform  thickness. 

The  number  following  the  do*h  i*  the  toif  icquence. 

2.  Bond-Line  Thickne**  -  When  one  voluc  i*  given,  it  refer*  to  the  uniformly 
thick  bond.  If  two  value*  arc  reported,  they  are  the  minimum  ond 
maximum  thickncue*  of  the  tapered  bond  line. 

3.  Effective  Tcniile  Modulu*  -  Thi*  term  it  uted  when  discussing  the  tensile 
modulus  of  oc#?eiives  in  the  thin-film  form  between  two  oefterends.  Thi* 
is  in  recognition  of  the  foct  that  the  observed  modulus  is  for  a  material 
under  severe  constraint.  When  the  epoxy  is  bonded  to  a  metal  odheiend, 
if  is  not  free  to  deform  according  to  if*  own  Poiison't  ratio,  but  must 
conform  to  that  of  the  atfterend  which  generally  has  a  lower  value  for  the 
Poision'i  ratio.  By  restricting  the  lateral  contraction  of  the  epoxy,  the 
tensile  modulus  is  effectively  increased.  Thus,  the  measured  value  in 
these  thin-film  tests  is  an  effective  modulus  rather  than  the  modulus  found 
in  the  material  when  it  is  free  to  deform  according  to  its  own  dictates. 

4.  jhear  Modulus  -  The  shear  modulus  is  the  ratio  of  the  stress  to  strain, 
within  the  elastic  limit,  when  the  strain  is  measured  as  the  displacement  per 
unit  length  caused  by  shear  stress  per  unit  area.  In  nopkin-ring  tests,  the 
only  deformation  i*  pure  shear  (os  opposed  to  tensile  or  lop  shear  test*), 
ond  thus  any  effects  resulting  from  differences  in  the  Poisson*:  ratio  between 
the  adherend  and  the  o'iiesive  material  are  eliminated. 

5.  Precision  Elaific  Limit  -  The  precision  elastic  limit  is  the  maximum  stress 
to  which  a  specimen  may  be  loaaed  and  still  behave  elastically,  with  the 
deformation  remaining  a  single-valued  function  of  the  lvX)d.  The  word 
precision  is  used  since  very  small  deviation*  from  elastic  behavior  may  be 
observed.  Generally,  the  elastic  limit  depends  on  the  sensitivity  with 
which  the  stress-strain  relationships  are  observed. 
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6. 


Microyicld  Stress  -  Thii  is  the  lowet*  stress  level,  during  o  ioad-unload 
cycle,  which  rctulft  in  fhe  first  permanent  strain  at  the  bias  '.tress. 

Only  the  strain  that  persists  several  minutes  after  unloading  is 
considered  permanent . 

;  m  ode  of  Fracture  -  There  arc  two  possible  modes  of  failure  in  thin-film 

epoxy  adhesive  joints:  cohesive  and  oc^scsivo.  In  cohesive  failure, 
the  epoxy  itself  fractures.  This  type  of  failure  can  be  recognized  by 
the  presence  of  o  loyer  of  ocfiesive  on  eoch  of  the  acfiercnds .  Another 
term  for  this  fracture  it  "  center-of-bond’  failure.  Adhesive  failure 
occurs  when  fhe  fracture  is  of  the  interface  between  the  adhesive  and 
fhe  a<#iercnd,  i .  ,  the  adhesive/adherend  bond  foils.  This  is 

generally  characterized  by  what  appears  to  be  a  clean  metallic  surface 
after  fracture.  However,  close  examination  moy  reveal  a 
microscopically  thin  layer  of  epoxy  remaining  on  the  adherend  surface. 
The  results  ore  presented  as  percentage  of  cohesive  failure. 

8  Fracture  Stress  -  The  fracture  stress  is  that  stress  at  which  the  joint  foils. 

It  is  calculated  by  dividing  fhe  load  at  fracture  by  the  cross-sectional 
area  of  the  a<#sesive  bond. 

9.  Viscoelastic  Strain  (rj  )  ‘  Upon  completion  of  a  lood-unlood  cycle  from  a 
stress  level  above  fhe  microyield  point,  there  is  a  set  remaining  in 
*he  specimen.  In  fact,  this  it  the  major  method  for  determining  fhot 
mc  yield  point  hat  been  exceeded.  Verv  often  fhe  set  disappears  with 
rime;  that  it,  the  specimen  tlowly  refurnt  to  its  original  length.  The 
value  reported  here  it  the  tef  in  the  bonded  joint  immediately  upon 
unloading  to  the  biat  itrett  (the  minimum  load  maintained  to  preserve 
axial  ity  in  fhe  loading  assembly).  When  ditcuttirvg  viscoelastic, 
recoveird  or  permanent  tfroin,  it  it  necessary  to  report  fhe  maximum 
itrest  le  el  uted  in  that  lood-unlood  cycle. 

10.  Recovered  Strain  (fj)  -  Thii  it  fhe  amount  of  strain  that  it  recovered 
within  two  minufet  after  unloading;  it  it  viscoelotfic  recovery. 

I  I  Permanent  Stiain  -  The  tfruin  remaining  in  the  specimen  after  fhe  2- 
mi'-utc  recovery  (#  <|  -  *  j) .  These  3  v  iscoeloit  ic  tfroin  parameters 

are  mown  in  Figure  7.  For  shear  tfraint,  fhe  tymbolt  >-  and  are 
uted. 
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Strain 


Figure  7.  Viscoelastic  Strain  Parameters. 
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TEST  PROGR'  M 


The  test  program  was  divided  into  nine  phases.  It  is  summarized  in  Tabic  II 
and  .cribed  in  more  detail  below. 

Phase  I  -  Base-Line  Data 


The  objectives  of  this  phase  were  to:  establish  the  base-line  values  of  the  standard 
tests  for  comparison  with  subsequent  tests  ha-ing  different  test  conditions,  examine 
six  different  bond-line  tapers  so  as  to  select  hrcc  for  use  in  the  balonce  of  the 
program;  select  the  best  adherend  thickness  (or  lap  sheor  tests. 

The  standard  tests  were  made  with  FMlOOO  on  aluminum  ac^scrends  at  the 
intermediate  cross-head  speeds  (0.5  in. /min  for  shear  and  0.02  in.  min  for  tension) 
at  room  temperature  with  a  0.008-inch-thick  bond  line. 

Six  different  tapered  bond-line  thicknesses  were  investigated  for  shear  tests 
(Figure  8): 

1  .  an  included  angle  of  22  minutes  -vith  the  bond  center  plane  rvormol 
to  the  longitudinal  axis  of  the  specimen  (designated  a.  1 1  */1 1 ') 

2.  an  included  angle  of  44  minutes  with  the  bond  center  plooe  normal 
to  the  longitudinal  axis  of  the  specimen  (designated  as  22*/  22*) 

3.  an  included  angle  of  22  minutes  with  the  bond  center  plane  tilted 
11  minute:  from  normal  io  the  longitudinal  axis  of  the  specimen 
(designated  as  22'/0) 

4.  an  included  angle  of  1 1  minutes  with  the  bond  center  plane  tilted 
5.5  minutes  from  normal  to  the  longitudinal  axis  of  the  specimen 
(designated  as  ll'/O) 

5.  an  included  angle  of  0°  with  the  bond  center  plane  tilted  1 5  mi.iufe* 
from  normal  to  the  longitudinal  axis  of  the  specimen  (designated 

6.  an  included  angle  of  0  with  the  bond  center  plane  tilted  22  minutes 
from  normal  to  the  longitudinal  axis  of  the  specimen  (designored  os 

22a/22'c) 


22 


23 


24 


Six  different  tapered  bond-line  thicknesses  were  investigated  for  tensile 
tests  (Figure  9): 

1 .  an  included  angle  of  4°  with  the  bond  center  t  ,e  normal  to  the 
longitudinal  axis  of  the  specimen  (designated  as  '°/2° ) 

2.  an  included  angle  of  2°  with  the  bond  center  plane  normal  to  the 
longitudinal  axis  of  the  specimen  (designated  as  1°/1°) 

3.  an  included  angle  of  2°  with  the  bond  center  plane  tilted  1° 
from  the  normal  to  the  longitudinal  axis  of  the  specimen 
(designated  as  2°/0°) 

4.  an  included  angle  of  1°  with  the  bond  center  plane  tilted  from 
the  normal  to  the  longitudinal  axis  of  the  specimen  (designated  as 
l°/0°^ 

5.  an  included  angle  of  0°  with  the  bond  center  plane  tilted  at  an  angle 
of  2°  from  the  normal  to  the  longitudinal  axis  of  the  specimen 
(designated  as  2°^/2°^) 

6.  an  included  angle  of  0°  with  the  bond  center  plane  tilted  at  an 
angle  of  1°  from  the  normal  to  the  longitudinal  axis  of  the  specimen 
(designated  as 

From  each  group  of  6  tapered  bond  lines,  3  were  to  be  selected  for  use  in 
Phases  II  through  VIII. 

For  the  lap  shear  tests,  aluminum  adherends  were  used  in  4  thicknesses:  0.088, 
0.062,  0.048  and  0.032  inch.  Following  evaluation  of  the  results,  one  thickness 
was  to  be  used  for  all  subsequent  lap  shear  tests. 

Phase  II  -  Adherend  Material 

To  determine  the  effect  of  an  adherend  having  a  higher  modulus  of  elasticity,  the 
tests  made  in  Phase  I  were  repeated  using  Ti-6AI-4V  adherends.  Only  8  shear, 

8  tensile,  and  2  lap  shear  tests  were  made  using  the  thickness  values  selected 
in  Phase  I . 

Phase  III  -  Cryogenic 

The  low-temperature  characteristics  of  FM1000  were  measured  at  -65°F  using  both 
aluminum  and  titanium  adherends.  All  other  experimental  variables  were  the  same 
as  in  Phase  II. 
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Phase  IV  -  Strain  Rate 


Tests  were  made  with  FM1000  on  both  aluminum  and  titanium  adherends  at  high 
and  low  cross-head  speeds  (2.0  and  0.05  in. /min  for  shear;  0.1  and  0.002  in.  /min 
for  tension) . 

Phase  V  -  Cryogenic/Strain  Rate 


Since  low  test  temperatures  and  high  strain  rates  both  are  known  to  increase 
modulus  values,  they  were  combined  in  this  phase.  Tests  were  made  with  FM1000 
on  aluminum  adherends  at  -65°F  using  cross-head  speeds  of  2.0  in. /min  for  shear 
and  0.1  in. /min  for  tension. 

Phase  VI  -  Bond-Line  Thickness 


Earlier  work  had  shown  that  some  mechanical  properties  depended  on  the  thickness 
of  the  bond  line.  To  evaluate  this  effect,  shear,  tensile  and  lap  shear  tests  were 
made  using  thicknesses  of  0.004  and  0.020  inch .  Since  FM1000  has  an  optimum  bond¬ 
line  thickness  (0.008  inch),  an  alternate  adhesive  was  selected,  EC2214.  This  is  a 
paste-type  adhesive  having  no  carrier  cloth  so  that  a  thickness-dependence 
study  could  be  made. 

Phase  VII  -  High  Temperature 

Adhesive  properties  were  measured  at  160°F  using  a  high-temperature  adhesive, 
Metlbond  329,  with  aluminum  adherends.  For  comparison,  another  set  of  specimens 
was  tested  at  room  temperature;  all  other  variables  were  kept  constant. 

Phase  VIII  -  High  Temperature/Strain  Rate 

To  observe  the  combined  influence  of  two  factors  that  tend  to  lower  the  modulus 
values,  tests  were  made  on  Metlbond  329,  with  aluminum  adherends,  at  160°F  with 
the  lowest  strain  rates  (cross-head  speeds  of  0.05  in. /min  for  shear  and  0.002  in. /min 
for  tension) . 

Phase  IX  -  Ageing/Environment 


At  the  beginning  of  the  program,  tensile  tests  were  made  with  fresh  FM1000  on 
aluminum  adherends.  That  batch  of  adhesive  was  stored  until  the  end  of  the 
program,  and  new  specimens  were  prepared  and  tested  using  the  old  adhesive. 
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RESULTS  AND  DISCUSSION 


The  test  results  and  discussion  are  presented  by  phases.  Each  phase  is  introduced 
by  a  brief  summary  of  the  experimental  variables,  followed  by  three  sections  for 
the  tensile,  shear  and  lap  shear  tests.  The  results  are  given  in  tabular  form  and 
typical  stress-strain  curves  are  shown  (the  fracture  point  is  indicated  by  an  X  at 
the  end  of  the  curve).  It  should  be  noted  that  the  resuits  presented  here  are  for 
those  specimens  considered  to  be  acceptable  in  terms  of  bond-1  me  thickness  and 
uniformity  and  having  reasonable  values  for  the  fracture  stress.  Many  specimens 
were  rejected  out-of-hand  because  the  bond-line  thickness  was  not  correct  or 
because  it  varied  in  random  fashion.  The  test  results  for  specimens  having  very 
low  fracture  stresses  were  discarded,  for  premature  fracture  was  considered  strong 
evidence  of  an  improperly  bonded  specimen. 

The  test  results  for  each  phase  are  summarized  in  separate  tables.  To  report 
experimental  scatter  values,  the  maximum  and  minimum  variations  from  the  average 
value  are  averaged.  For  the  viscoelastic  strain  measurements  (€^,  ^  <  7  \t  ^2)  > 
only  approximate  values  are  given  because  these  stress  level-dependent  measurements 
were  not  all  made  at  the  same  stress  value.  In  some  cases  only  one  value  is 
included  in  the  summary  table. 

PHASE  I,  BASE-LINE  DATA 


The  basic  data,  to  be  used  for  comparison  with  the  other  phases,  were  accumulated 
for  FM1000  adhesive  on  aluminum  adherends  at  room  temperature  with  the  standard 
cross-head  speeds:  tensile  -  0.02  in. /min,  shear  -  0.5  in. /min,  and  lap  shear  - 
0.5  in. /min. 

Tensile  Tests 


The  results  from  the  tensile  tests  of  Phase  I  are  presented  in  Table  III,  including 
the  6  tapered  bond  lines  (see  Figure  9).  Table  IV  is  a  summary  of  the  results  with 
the  experimental  scatter.  A  typical  tensile  stress-strain  curve  is  shown  in  Figure  10 
(curve  A).  The  elastic  effective  tensile  modulus  (E*)  is  calculated  from  the  load- 
extension  X-Y  traces  using  the  bond-line  thickness  as  the  gage  length  for 
determining  the  strain  and  the  cross-sectional  area  of  the  adherend  for  the  stress. 

For  specimens  with  a  tapered  bond-line  configi  ration,  the  gage  length  was  taken 
to  be  the  average  thickness. 
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TABLE  III.  TENSILE,  FM1000,  ALUMINUM,  PHASE 
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FATl^/1^-1  8.4  "  "  4.0  1020  2140  10200 

FATl^/1^-2  6.2  "  "  5.3  1520  2160  9830 


TABLE  III  -  Continued 
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FAT2°/0°-l  7.7-25.2  ”  "  1.0  0.5  0.5 

5.0  1.5  3.5 

FAT2°/0°-2  8.6-26.1  "  "  0.15  0.07  0.08 

0.53  0.20  0.33 


TABLE  III  -  Continued 
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Due  to  the  large  experimental  scatter,  it  was  difficult  to  determine  the  influence  c.f 
nonuniform  bond-line  configuration  on  the  elastic  offectivo  tensile  modulus,  within 
the  experimental  scatter  there  was  no  effect  due  to  nonuniformity.  Similar 
observations  were  made  for  the  precision  elastic  limit,  the  mi  royield  stress,  tl  e 
fracture  stress,  and  the  fracture  mode.  However,  the  strain  u*  unloading,  , 
was  diminished  when  nonuniform  bond  lines  were  used.  Comparing  the  uniform  bond- 
line  value  of  1  . 1 3  x  10" 3  for  ( j  to  that  for  the  2°/0°  volue  of  0 . 58  »  10*  it  con 
be  seen  that  there  is  a  49  percent  decrease.  For  the  other  twe  selected  conf. (jurat ions, 
the  decrease  was  somewhat  smaller. 

One  striking  feature  of  the  results  is  the  deviation  fi^m  elastic  I  ehovior  ot  very  low 
stress  levels.  The  average  precision  elastic  limit  (P.E.L.)  for  all  bond-  me 
configurations  was  870  psi,  which  is  only  8  percent  of  the  average  fracture  tress 
(10,500  psi).  The  P.E,L.  is  the  first  deviation  from  elastic  looking,  in  thit  worl  it 
was  in  the  form  of  a  hysteresis  loop.  When  the  specimen  was  unloaded,  th  re  was  no 
change  in  the  length,  but  energy  had  been  dissipated  during  the  lood-unlood  cycle. 
The  P.E.L.  was  largely  independent  of  the  tapered  bond-line  configuration.  The 
first  permanent  set  (microyield  stress)  was  found  ot  on  average  volue  of  1  580  psi . 

Thus,  at  only  15  percent  of  the  average  fracture  stress,  the  bonded  joint  unocrgoei 
permanent  damage.  During  load-unload  cycles  ot  higher  maximum  stress  levels, 
proportionately  greater  damage  was  incurred.  Above  the  microyield  s'ress, 
viscoelastic  flow  was  usually  observed.  The  tapered  joints  hod  only  o  negligible 
influence  on  the  microyield  stress.  For  a  quantitative  description  of  viscoelastic 
behavior,  three  strain  parameters  are  used  as  described  in  the  section  "  Data  To 
Be  Reported’  (also  see  Figure  7).  The  total  strain  remaining  in  the  specimen  o*  the 
instant  unloading  is  finished  is  designated  as  (  j  .  In  all  cases  was  greofer,  the 
higher  the  maximum  stress  used  in  the  load-unload  Cycle.  For  example,  in  Toblc  III, 
specimen  number  FAT10-1  had  a  value  of  0.35  x  10-^  for  f  j  when  the  stress  was 
70  percent  of  the  fracture  stress.  When  a  cycle  was  made  at  90  percent  of  the 
fracture  stress,  f  j  was  1.35  x  10“^.  Thus,  the  strain  upon  unloading  was  greater 
by  a  factor  of  4  for  an  increase  of  only  29  percent  (7700  to  990C  psi)  in  the  maximum 
stress.  Sometimes  the  strain  (f  j  )  in  the  specimen  at  the  instant  of  unloading  would 
persist  for  long  times  (of  the  order  of  tens  of  minutes);  in  other  coses,  the  specimer 
would  recover  some  of  that  strain  almost  immediately. 

For  each  load-unload  cycle,  the  length  of  *he  specimer  was  monitored  for  2 
minutes  after  unloading.  Experience  has  shown  that  the  major  part  of  the  recovery 
after  unloading  occurs  within  2  minutes.  The  columns  of  Tobies  III  and  IV  lobeled 
C  2  show  the  strain  recovered  within  that  2-minufe  waiting  period.  11  *he  difference 
between  Cj  and  (  ^  an^  '5  called  permanent  strain;  the  word  permanent  means  only 
that  it  exists  after  the  2-minute  recovery  time.  Whether  <3  would  be  found  offer 
several  hours  or  days  was  not  determined.  For  oil  specimens,  the  higher  the  no»imum 
stress,  the  greater  the  amount  of  recovery  and  also  the  larger  the  amount  of  tofol 
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strain  at  unloading.  It  appears  that  for  stresses  below  about  65  to  70  percent  of  the 
fracture  stress,  there  is  no  recovery  after  unloading.  Recovery  occurs  during  the 
unloading  process;  most  of  the  load-extension  recordings  do  not  have  straight-line 
unloading  that  is  typical  of  elastic  behavior. 

It  appears  that  the  viscoelastic  strain,  fj,  was  greatest  for  the  two  configurations 
(2°. /2°£  and  whose  normal  to  the  bond  center  plane  is  not  parallel  to 

the  longitudinal  axis  of  the  specimen.  These  are  the  two  bond-line  tapers  that 
introduce  the  greatest  amount  of  shear  during  the  tensile  loading.  The  values  shown 
for  columns  and  anc*  stress  level  in  Table  IV  are  averages  for  all  the  data 
reported  in  Table  |||;  it  should  be  remembered  that  and  depend  on  the  stress 
level  (percent  CTp)  to  which  the  load-unload  cycle  was  made. 

The  fracture  stresses  averaged  10^500  psi  for  all  specimen  configurations.  The 
highest  values  were  for  the  1  /I  tapered  joint,  while  the  lowest  were  for  the 
2°./2°£  configuration.  In  general,  the  tapered  bond  lines  had  only  a  negligible 
influence  on  the  values  of  the  fracture  stress.  For  the  2°^/2°c  and  10^/1°£ 
configurations  (see  Figure  9),  the  bond  center  plane  is  parallel  to  the  two  adherend 
faces,  but  all  three  of  these  planes  are  tilted.  Thus,  there  is  introduced  a  shearing 
action  in  addition  to  the  tensile  force.  This  may  account  for  the  observation  that 
the  lowest  fracture  stress  was  found  for  the  2?^/2°q  taper  in  which  the  center  plane 
tilt  is  2°,  the  largest  tested.  A  typical  stress-strain  curve  is  shown  in  Figure  10 
(curve  B)  for  a  2°^/2°^.  configuration.  The  fracture  mode  was  characterized  as 
percent  cohesive  (center  of  bond)  using  a  visual  estimating  procedure.  On  the 
average,  the  fractures  were  about  80  percent  cohesive  in  nature. 

As  discussed  at  the  beginning  of  this  section,  many  specimens  were  discarded 
because  of  fracture  at  very  low  stress  levels.  Examination  of  these  specimens  showed 
that  the  standard  cleaning  procedures  had  not  been  followed  or  that  the  adhesive  had 
spoiled  or  that  there  were  many  voids  in  the  joint.  Thus,  it  appears  that  the  bonding 
procedures  are  much  more  important  in  controlling  the  fracture  stresses  than  is  the 
introduction  of  nonuniform  bond-line  thickness. 

Based  on  the  results  shown  in  Tables  III  and  IV,  three  taper  configurations  were 
selected  for  use  in  the  balance  of  the  program: 

1 .  an  included  angle  of  4°  with  the  bond  center  plane  normal  to  the 
longitudinal  axis  of  the  specimen  (designated  as  2°/2°) 

2.  an  included  angle  of  2°  with  the  bond  center  plane  normal  to  the 
longitudinal  axis  of  the  specimen  (designated  as  1°/1  ) 

3.  an  included  angle  of  2°  with  the  bond  center  plane  tilted  1°  from 
the  normal  to  the  longitudinal  axis  of  the  specimen  (designated  as 
2°/0° ) 
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The  first  two  of  these  are  symmetrical  about  a  plane  whose  normal  is  parallel 
to  the  longitudinal  axis  of  the  specimen.  The  center  plane  of  the  third  configuration 
is  tilted  1  and  the  taper  is  not  symmetrical  as  are  the  first  two  taper  configurations 
(see  top  three  sketches  of  Figure  9). 

Shear  Tests 


At  the  beginning  of  the  program  it  was  extremely  difficult  to  obtain  satisfactory 
results  with  the  tapered  bond-line  shear  specimens.  In  order  to  obtain  good  results 
for  at  least  14  tests,  over  42  specimens  were  made  and  evaluated.  Results  for  16 
of  the  satisfactory  tests  are  presented  in  Table  V.  The  shear  modulus  (G)  was 
calculated  as  described  in  the  section  "Shear  Tests,"  using  the  average  bond-line 
thickness  as  the  gage  length.  A  summary  of  these  results,  along  with  the  experimental 
scatter,  is  presented  in  Table  VI.  A  typical  shear  stress-strain  curve  is  shown  in 
Figure  1 1 . 

Deviations  from  elastic  behavior  occurred  at  very  low  stress  levels.  Taking  the 
average  for  all  specimens,  the  precision  elastic  limit  was  about  320  psi,  which  is 
only  3.4  percent  of  the  average  fracture  stress  (T^  =  9500  psi).  The  average  value 
for  the  stress  necessary  for  the  first  permanent  strain  (microyield  stress,  T  )  was 
620  psi,  or  6.5  percent  of  the  average  fracture  stress.  These  percentages"^  lower 
than  those  observed  for  the  tensile  tests  (P.E.L.  =  0.08  Op  and  a  =  0. 15  Op). 

With  shear  tests,  the  fracture  mode  was  less  cohesive  (center  of  ^ond)  in  nature  than 
was  the  case  for  the  tensile  tests.  In  these  latter  specimens  the  typical  failure  was 
80  percent  cohesive,  while  for  the  shear  tests  the  average  was  only  33  percent 
cohesive.  There  was  no  strong  correlation  between  mode  of  failure  and  failure  stress. 
There  were  too  few  specimens  having  100  percent  cohesive  failures  to  establish  a 
limiting  value  in  the  total  absence  of  any  adhesive  failure.  Thus,  it  is  not  possible 
to  say  whether  the  fracture  stress  is  established  by  localized  adhesive  failure,  with 
the  path  of  the  propagating  crack  determining  the  specific  mode  of  failure  (cohesive 
vs  adhesive) . 

In  association  with  the  low  stress  values  for  the  onset  of  nonelastic  behavior,  the 
viscoelastic  strain  values  were  very  high.  These  parameters,  y j,  y ^  and  y^  ,  are 
the  shear  equivalent  of  those  shown  in  Figure  7.  In  comparison  to  tensile  tests,  the 
viscoelastic  flow  occurred  at  lower  stress  levels  and  in  greater  quantity  for  comparable 
fractions  of  the  fracture  stress.  Viscoelastic  flow  in  shear  occurred  at  stresses  as  low 
as  15  percent  of  the  fracture  stress.  As  the  maximum  stress  for  a  load-unload  cycle 
was  raised,  the  viscoelastic  strain  increased  rapidly.  For  specimen  number  FAS221/ 
0-5,  the  strain  at  unloading,  y^,  increased  from  0.3  x  10"^  at  0.15  Tp  to 
148.0  x  10“3  at  0.85  Tp.  To  a  great  extent,  the  strain  y^  was  not  permanent  in  the 
shear  specimens.  Averaging  all  the  results  for  columns  y^  and  y2  in  Table  V  shows 
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TABLE  V.  SHEAR,  FM1000,  ALUMINUM,  PHASE  I 
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TABLE  VI.  SHEAR  SUMMARY,  FM1000,  ALUMINUM,  PHASE  I 
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that  the  recovered  strain  72  is  about  69  percent  of  71 .  For  the  comparable  case  in 
tensile  tests,  the  recovered  strain  f  ^  was  only  31  percent  of  the  total  strain  at 
unloading  (e^).  These  comparisons  cannot  be  rigorously  made  because  of  the 
different  types  of  loading  and  also  because  they  were  made  from  results  at  different 
stress  levels.  The  tensile  data  were  for  load-unload  cycles  at  about  80  percent  of 
the  fracture  stress,  while  for  the  shear  tests  the  numbers  were  for  stresses  averaging 
47  percent  of  the  fracture  stress.  However,  this  difference  in  stress  level  merely 
emphasizes  the  observations;  for  if  fj,  £ 2  anc^  f3  <^a^a  were  shown  for  tensile  tests  at 
0.47  ov,  there  would  be  practically  no  viscoelastic  flow.  With  tensile  tests,  the 
stress  threshold  for  viscoelasticity  recovery,  Cj,  was  tbe  order  of  0.6  oy. 

Specimens  made  with  nonuniform  bond-line  configurations  had  shear  modulus  values 
25  percent  higher  than  those  of  the  uniform  bond-line  thickness.  The  nonuniformity 
slightly  increased  the  precision  elastic  limit  and  had  only  a  negligible  effect  or:  the 
microyield  stress  and  the  fracture  behavior  (stress  and  mode).  There  was  a  strong 
effect  of  tapered  joints  on  the  viscoelastic  strain,  7  1 .  At  a  stress  level  of  50  percent 
Tf,  7,  was  20  x  10"3.  Nonuniform  joints  at  the  same  stress  level  had  values  for 
7^  of  only  0.9  x  10“3  to  3.0  x  10  ,  a  decrease  of  90  percent. 

Based  on  the  test  results  shown  in  Tables  V  and  VI,  three  taper  configurations  were 
selected  for  use  in  the  balance  of  the  program: 

1 .  an  included  angle  of  22  minutes  with  the  bond  center  plane  normal 
to  the  longitudinal  axis  of  the  specimen  (designated  as  1 1  '/l  1 1 ) 

2.  an  included  angle  of  44  minutes  with  the  bond  center  plane  normal 
to  the  longitudinal  axis  of  the  specimen  (designated  as  22'/22‘ ) 

3.  an  included  angle  of  22  minutes  with  the  bond  center  plane  tilted 
11  minutes  from  normal  to  the  longitudinal  axis  of  the  specimen 
(designated  as  22'/0) 

The  first  two  of  these  are  symmetrical  about  a  plane  whose  normal  is  parallel  to  the 
longitudinal  axis  of  the  specimen.  The  center  plane  of  the  third  configuration  is 
tilted  1 1  minutes  and  the  taper  is  net  symmetrical  as  are  the  first  two  taper 
configurations  (see  top  three  sketches  of  Figure  8). 

Based  on  these  observations  of  tensile  and  shear  properties  and  on  those  from 
succeeding  phases,  it  appears  that  the  deviations  from  elasticity  (precision  elastic  limit 
and  microyield  stress)  are  associated  with  the  tendency  for  viscoelastic  flow.  If  for  any 
reason  the  viscoelasticity  can  be  suppressed,  then  the  elastic  range  of  the  material 
can  be  extended.  Lowering  the  test  temperature  (see  Phases  III  and  V)  eliminates 
the  viscoelastic  flow  so  that  the  adhesive  is  elastic  up  to  the  point  of  fracture.  Within 
the  strain  rate  range  used  in  Phase  IV,  a  higher  cross-head  speed  diminishes  the 
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viscoelastic  flow  so  that  elasticity  continues  to  a  higher  stress  level.  Raising  the 
temperature.  Phases  VII  and  VIII,  promotes  viscoelasticity  with  an  attendant  decrease 
in  the  elastic  behavior.  The  use  of  tapered  bond-line  configurations  markedly 
reduced  the  viscoelastic  flow  propensity  (except  for  the  cryogenic  tests).  This  was 
probably  due  to  the  introduction  of  more  complex  stress  states  that  interfered  with 
the  molecular  viscoelastic  flow  mechanisms;  for  example,  creating  a  compressive 
stress  in  addition  to  that  for  pure  shear,  or  adding  a  shear  component  to  a  pure 
tensile  stress. 

As  will  be  shown  in  later  phases,  the  use  of  tapered  bond-line  configurations  had  the 
effect  of  lowering  the  values  of  the  effective  tensile  and  shear  modulus.  In 
homogeneous  materials,  measured  in  bulk,  the  modulus  values  are  uniform  throughout 
the  sample.  However,  in  thin  film  form,  or  when  the  adherends  modify  the  properties, 
adhesives  may  not  have  constant  modulus  values.  Consider  a  tensile  specimen  being 
loaded  at  a  uniform  rate.  The  stress  is  the  same  throughout  the  sample  and  is  given 
by  the  load  divided  by  cross-sectional  area.  However,  the  strain  in  the  adhesive 
bond  is  not  uniform;  it  varies  inversely  as  the  thickness.  For  the  thinnest  part  of  a 
tapered  joint,  the  strain  will  be  the  greatest  because  the  elongation  is  the  same  at 
all  points.  Since  the  modulus  is  defined  as  the  ratio  of  stress  to  strain,  increasing 
the  denominator  results  in  a  lower  modulus.  Another  factor  that  depresses  modulus 
values  is  viscoelasticity.  This  contributes  strain  for  a  given  stress  that  is 
additional  to  that  of  the  elastic  strain.  It  is  not  clear  whether  the  onset  of 
viscoelasticity  is  a  strain  or  a  stress  threshold.  However,  in  a  tensile  test  with  a 
tapered  bond  line,  deviations  from  elasticity  would  be  expected  to  occur  at  the 
thinnest  portions  first.  For  all  calculations  of  modulus,  an  average  bond-line 
thickness  was  used  which  raised  the  calculated  modulus  for  the  thin  sections  and 
lowered  it  for  the  thick  sections. 

Of  course,  another  factor  that  influences  the  modulus  of  a  material  is  a  change  in 
response  due  to  alteration  of  the  method  of  loading.  In  a  shear  test,  the  molecular 
chains  uncoil,  stretch  or  move  in  a  certain  fashion.  If  a  compressive  stress  is 
superimposed  (as  with  tapered  bond  lines),  the  chains  will  react  differently.  What¬ 
ever  the  mechanisms  of  that  reaction  are,  they  have  the  net  effect  of  providing 
more  strain  (for  a  given  stress)  and  producing  a  lower  modulus  than  is  the  case  for  a 
pure  shear  test. 

lap  Shear  Tests 

To  determine  the  optimum  adherend  thickness  for  lap  shear  specimens,  12  sets  of 
7075-T6  aluminum  adherends  were  bonded  with  FM1000.  Adherend  dimensions  were 
6  by  1  inches  with  four  thicknesses  (0.032,  0.048,  0.062,  0.088  inch).  The 
specimens  were  taken  directly  to  fracture  at  room  temperature  using  a  cross-head 
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speed  of  0.5  in. /min,  with  results  as  shown  in  Table  VII.  A  summary  of  the  results  is 
presented  in  Table  VIII.  The  adherend  thickness  of  0.062  inch  was  selected  for  all 
additional  lap  shear  tests  in  the  other  phases  of  the  program.  It  was  chosen  because 
it  produced  the  highest  fracture  stress  and  because  it  had  the  best  fracture  characteristics. 

PHASE  II,  ADHEREND  MATERIAL 

The  tests  made  in  this  phase  differed  from  those  of  Phase  I  in  three  respects:  all 
adherends  were  made  of  a  heat-treated  titanium  alloy  (Ti-6AI-4V),  only  three 
tapered  bond-line  configurations  were  used  for  tensile  tests  and  three  for  shear 
tests,  and  only  one  adherend  thickness  was  used  for  lap  shear  tests.  The  curing 
cycle  was  the  same  for  the  titanium  adherends  as  for  aluminum  adherends. 

Tensile  Tests 

More  than  30  specimens  were  prepared  to  obtain  the  13  successfully  tested  and  reported 
in  Table  IX.  The  results  are  summarized  in  Table  X,  which  also  shows  the  experimental 
scatter.  A  typical  stress-strain  curve  is  shown  in  Figure  10  (curve  C).  It  was 
expected  that  the  effective  tensile  modulus  of  an  adhesive  would  increase  when  used 
with  a  higher  modulus  adherend  material.  In  this  comparison,  the  adherends  used  in 
Phase  I  (aluminum)  had  a  Young's  modulus  of  10  x  10^  psi,  while  in  Phase  II  the 
adherends  (titanium)  had  a  modulus  of  17  x  10^*  psi.  Referring  to  Table  IV,  the  average 
adhesive  modulus  for  the  uniform  and  selected  tapered  bond  lines  was  5.0  x  10^  psi. 

From  Table  X,  for  titanium  adherends,  the  average  adhesive  modulus  was  5.9  x  10^  psi, 
an  increase  of  18  percent.  A  stiffer  adherend  material  seemed  to  have  a  greater  effect 
on  the  uniform  bond-line  properties  than  on  the  tapered  joints.  From  Tables  III  and  IX, 
it  can  be  seen  that  the  increase  for  uniform  specimens  is  about  1 1  percent. 

The  precision  elastic  limit  and  the  microyield  stress  were  about  the  same  for  the 
Phase  II  tests  as  for  Phase  1.  The  fracture  stress  values  were  not  appreciably  altered  by 
using  titanium  adherends,  and  the  fracture  mode  was  also  about  80  percent  cohesive  in 
nature  The  viscoelastic  behavior  was  essentially  the  same  in  Phase  II  as  in  Phase  I. 

The  recovered  ^  was  about  50  percent  of  C  ^  on  the  average,  compared  to  31  percent 
of  for  the  Phase  I  tests. 

Introducing  the  tapered  bond  lines  does  not  influence  the  effective  tensile  modulus, 
within  the  experimental  scatter.  Tapered  bond  lines  do  appear  to  lower  the  precision 
elastic  limit  and  the  microyield  stress  values.  With  the  exception  of  the  1°/1° 
configuration,  the  strain  at  unloading,  ,  is  diminished.  There  was  no  effect  on  the 
fracture  stress  or  mode  due  to  tapered  joints. 
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TABLE  VII.  LAP  SHEAR,  FM1000,  ALUMINUM,  PHASE  I 
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TABLE  IX.  TENSILE,  FM1000,  TITANIUM,  PHASE  II 
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TABLE  IX  -  Continued 
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TABLE  X.  TENSILE  SUMMARY,  FM1000,  TITANIUM,  PHASE  II 
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Shear  Tests 


The  test  results  for  the  shear  specimens  are  shown  in  Table  XI  and  summarized  in 
Table  XII.  A  typical  shear  stress-strain  curve  for  these  experimental  conditions 
is  shown  in  Figure  12.  There  was  no  significant  change  in  the  shear  modulus  when 
titanium  adherends  were  used  as  compared  fo  aluminum  adherends.  Using  the 
average  values  of  Table  VI  (including  the  selected  tapers)  and  Table  XII,  the 
comparative  modulus  values  are  1 .43  and  1 .48  x  10°  psi.  Also,  comparing  the 
results  configuration-by-configuration  does  not  reveal  any  large  differences. 

Deviations  from  elastic  behavior  occurre  J  at  very  low  stresses  as  in  Phase  I.  For 
these  Phase  II  tests,  the  average  precision  elastic  limit  was  3.4  percent  of  the 
fracture  stress  and  the  microyield  stress  was  6.5  percent.  Fracture  stresses  were 
somewhat  lower  than  with  the  aluminum  adherends,  with  the  22'/22'  specimens 
having  ; significantly  lower  values  for  T p.  The  fracture  modes  averaged  about 
75  percent  cohesive  with  the  exception  of  the  same  22'/22'  specimens.  The  oth*' 
mechanical  property  values  for  these  two  specimens  were  in  close  agreement  with 
the  other  specimens  in  this  phase.  Viscoelastic  flow  was  similarly  prevalent  hern  as 
in  the  specimens  of  Phase  I,  although  the  recovered  strain  was  slightly  lower  with 
titanium  adherends  than  with  aluminum  adherends. 

As  with  the  Phase  I  shear  results,  introducing  nonuniform  bond-line  configurations 
increases  the  effective  shear  modulus  by  about  25  percent;  likewise,  the  strain  at 
unloading,  y^,  was  markedly  reduced  (about  90  percent  for  similar  stress  levels). 

In  contrast  to  the  Phase  I  shear  results,  the  tapered  bond  lines  resulted  in  a 
lowering  of  the  precision  elastic  limit,  the  microyield  stress  and  the  fracture  stress. 

It  is  not  surprising  that  the  shear  modulus  is  the  same  for  joints  made  with  aluminum 
adherends  as  with  titanium  adherends.  With  this  method  of  pure  shear  loading,  there 
are  no  dimensional  changes  in  the  adherends  when  they  are  loaded.  In  the  absence 
of  size  changes,  there  is  no  Poisson  contraction  and  the  modulus  of  elasticity  is  not 
invoked.  In  tensile  tests,  the  adherends  deform  at  different  rates  depending  upon 
their  modulus  values.  Since  the  adhesive  is  forced  to  deform  along  with  the  adherend, 
it  has  c  foreign  modulus  imposed  upon  it.  Thus,  the  tensile  modulus  of  an  adhesive 
is  affected  by  the  adherend  properties.  In  these  shear  tests  the  adherend  modulus 
values  do  not  participate,  so  the  adhesive  modulus  in  shear  is  the  same  for  titanium 
adherends  as  it  is  for  aluminum  adherends. 
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TABLE  XI.  SHEAR,  FM1000,  TITANIUM,  PHASE  II 
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14,000 


Figure  12. 


Shear  Tests,  FM1000,  Titanium,  Cross-Head  Speed  -  0.5  ir./min, 
0°/0°. 
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Lap  Shear  Tests 


The  results  for  the  lap  shear  tests  using  titanium  adherends  0.051  inch  thick  are  shown 
in  Tabie  XIII.  The  average  fracture  stress  was  7075  t  550  psi,  which  is  slightly 
higher  than  the  average  value  of  6750  ±  550  psi  for  aluminum  adherr  nds.  With 
the  best  Phase  I  specimens  the  failure  was  100  percent  cohesive;  with  these  tests 
it  averaged  75  percent  cohesive  and  25  percent  adhesive. 

PHASE  ’ll,  CRYOGEM1C 

The  major  experimental  variable  change  in  this  phase  was  that  of  the  test  temperature. 
Tests  were  made  at  -65°F  wi'h  both  titanium  (Part  a)  and  aluminum  (Part  b)  adherends, 
with  all  other  conditions  as  in  Phases  I  and  II. 


Tensile  Tests 


The  test  results  are  presented  in  Table  XIV  and  summarized  n  Table  XV  for  both 
titanium  and  aluminum  specimens.  A  typical  stress-strain  curve  for  low-temperature 
tensile  tests  of  FM1G00  on  titanium  adherends  is  shown  in  Figure  13. 


Referring  to  the  Part  a  (Table  II)  results  for  titunium  adherends,  the  elastic  tensile 
modulus  was  Increased  about  45  percent,  from  average  values  5.0  x  10^  psi  at  room 
temperature  to  7.3  x  10^  psi  at  -65°F.  The  fracture  stress  was  raised  to  an  average 
value  of  15,000  psi,  an  increase  of  39  percent  over  the  room-temperature  value. 

In  general,  the  fractures  were  slightly  more  cohesive  in  nature  at  the  lowest  test 
temperature  of  -65°F  -  an  average  of  90  percent  versus  75  percent  for  room  temperature. 
The  most  significant  property  changes  as  a  result  of  testing  at  low  temperatures 
were  associated  with  viscoelasticity.  In  contrast  to  the  large  instantaneous  strains 
(e  j )  at  room  t  emperature  (Table  X),  averaging  1 .23  x  10“^  at  about  80  percent  of 
the  fracture  stress,  these  specimens  showed  no  viscoelastic  flow  even  at  stresses  very 
close  to  the  fracture  stress.  Also  related  to  the  lack  of  viscoelasticity  was  the 
200  percent  increase  in  the  precision  elastic  limit  from  an  average  of  825  psi  to 
2500  psi  at  -65°F.  The  average  microyield  stress  increased  from  1750  psi  to  5460  psi 
at  the  lower  temperature,  <n  increace  of  about  210  percent. 


With  the  aluminum  adherends,  a  greater  cryogenic  effect  was  observed.  The 
average  tensile  modulus  was  raised  from  5.0  x  10^  psi  to  7.15  x  10^  psi,  an  increase 
of  43  percent  caused  b/  lowering  the  test  temperature  to  -65°F.  An  increase  of 
330  percent  was  seen  in  the  precision  elastic  limit,  going  from  870  psi  to  an  average 
of  3750  psi.  In  this  case  the  P.E.L.  occurred  at  22  percent  of  *he  fracture  stress, 
while  at  room  temperature  it  was  seen  at  8  percent  of  cr^..  The  microyield  stress 
showed  a  similar  effect  -  about  a  400  percent  increase  in  absolute  value  -  and  ir  was 
at  47  percent  of  the  fracture  stress.  At  the  low  test  temperature,  the  fracture  stress 
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TABLE  XIV.  TENSILE,  FM1000,  TITANIUM  AND  ALUMINUM,  PHASE  III 
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TABLE  XIV  -  Continued 
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TABLE  XIV  -  Continued 
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TABLE  XV.  TENSILE  SUMMARY,  FMlOOO,  TITANIUM  AND  ALUMINUM,  PHASE  III 
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Strain  (10  ) 


Figure  13.  Tensile  Tests,  FM1000,  -65°F,  Cross-Head  Speed  -  0.02  in./r 
r\°  /rP 


averaged  17,120  psi,  compared  to  a  room -temperature  value  of  10,800  psi.  As 
with  the  titanium  specimens,  there  was  no  viscoelastic  flow  at  any  stress  level 
for  the  specimens  made  with  aluminum  adherends.  A  typical  -65°F  stress- 
strain  curve  for  FM1000  on  aluminum  adherends  is  shown  in  Figure  13. 

Generally  speaking,  the  most  significant  effect  of  low  temperature  was  in  the 
viscoelastic  behavior.  No  viscoelastic  flow  was  observed  at  any  stress  levels, 
and  the  precision  elastic  I  imit  and  mk  oyield  stress  values  were  increased 
200  to  400  percent.  The  increases  in  the  modulus  values  and  fracture  values 
were  more  modest  in  comparison. 

For  the  specimens  made  with  titanium  adherends,  there  was  little  effect  due  to  the 
tapered  bond-line  configurations.  In  the  case  of  aluminum  adherends,  there  was  a 
s'ipht  increase  in  the  elastic  tensile  modulus,  the  precision  elastic  limit,  and  the 
m'croyield  stress. 

Shear  Tests 


Thirty-two  specimens  were  prepared  and  tested  for  the  shear  portion  of  this  phase  in 
order  to  obtain  the  16  satisfactory  rests  reported  in  Tables  XVI  and  XVII.  A 
typical  stress-strain  curve  for  a  -65°F  shear  test  using  titanium  adherends  is  shown 
in  Figure  12. 

With  regard  to  the  specimens  made  with  titanium  adherends  (Part  a.  Table  II),  the 
elastic  shear  modulus  increased  34  percent  at  the  low  test  temperature.  The  fracture 
stress  increased  from  an  average  value  of  7900  psi  at  72°F  to  13,400  psi  at  -65°F,  an 
increase  of  almost  70  percent.  However,  the  fracture  mode  changed  from 
principally  cohesive  in  nature  to  completely  adhesive  failure.  The  effect  of  th? 
low  temperature  was  more  pronounced  for  those  properties  associated  with  viscoelastic 
behavior.  As  with  the  tensile  tests,  there  was  no  viscoelastic  flow  at  any  stress 
level,  even  very  close  to  the  fracture  stress.  The  precision  elastic  limit  showed  a 
massive  increase  (650  percent),  going  from  an  average  of  264  psi  at  72°F  to  1860  psi 
at  -65°F.  The  microyield  stress  was  raised  from  530  ps*  to  3120  psi,  an  increase  of 
500  percent.  These  low-temperature  values  of  the  P.E.L.  and  the  T  my%  were, 
respectively.  Hand  23  percent  of  the  fracture  stress  Tp.  At  room  temperature,  the 
P.E.L.  and  TmyS  were  3.1  and  6. 7  percent  of  Tp,  respectively. 

Specimens  made  with  aluminum  adherends  showed  similar  low-temperature  behavior, 
but  the  changes  were  not  so  pronounced.  The  elastic  shear  modulus  increased 
38  percent  to  an  average  value  of  13,260  psi.  The  precision  elastic  limit  was 
raised  from  320  psi  to  525  psi,  an  increase  of  only  64  percent;  this  value  was  4 
percent  of  the  fracture  stress.  The  microyield  stress,  at  1470  psi,  was  11  percent 
of  Tp.  At  room  temperature,  these  values  were  3.4  and  6.5  percent  of  the  fracture 
stress,  respectively.  Fracture  behavior  changed,  on  the  average,  from  33  percent 
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I  XVII.  SHEAR  SUMMARY,  FM1000,  TITANIUM  AND  ALUMINUM,  PHASE  III 
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cohesive  at  room  temperature  to  100  percent  adhesive  at  -65°F.  Lowering  the 
temperature  raised  the  fracture  stress  from  9500  psi  to  13,260  psi,  an  increase 
of  40  percent.  No  viscoelastic  flow  was  seen  at  any  stress  levels  at  -65°F  as 
compared  to  an  average  strain  at  unloading  ^  )  of  5.2  x  10"^at  72°F. 

Introducing  tapered  bond-line  configurations  in  the  titanium  specimens  changed 
some  of  the  properties.  The  elastic  shear  modulus  was  increased  as  was  the  P.E.L. , 
while  the  r  appeared  to  decrease.  Although  the  fracture  stress  did  not  change 
much,  the  frdlcture  mode  changed  from  90  percent  cohesive  with  a  uniform  bond 
line  to  total  adhesive  failure  in  the  tapered  joints.  There  was  very  little  effect  on 
the  aluminum  bonded  specimens  due  to  the  tapered  adhesive  joints. 

Lap  Shear  Tests 

Lap  shear  specimens  made  of  titanium  and  aluminum  were  tested  at  -65°F;  the  results 
are  shown  in  Table  XVIII .  The  titanium  specimens  fractured  at  an  average  stress 
of  8430  psi,  which  is  19  percent  higher  than  the  room-temperature  value.  A 
similar  change  was  observed  with  the  aluminum  specimens:  the  average  fracture 
stress  at  -65°F  (7950  psi)  was  18  percent  higher  than  the  value  at  room  temperature 
(6750  psi). 

PHASE  ;V,  STRAIN  RATE 

The  tests  performed  in  this  phase  were  similar  to  those  of  Phase  I  except  that  different 
cross-head  speeds  were  used;  for  tension,  0. 1  and  0.002  in  place  of  0.02  in. /min; 
for  shear,  2.0  and  0.05  in  place  of  0.5  in. /min;  for  lap  shear,  2.0,  0. 1,  0.05  and 
0.002  in  place  of  0.5  in. /min. 

Tensile  Tests 

The  tensile  test  results  for  the  low  and  high  cross-head  speeds  are  presented  in 
Table  XIX  and  summarized  in  Table  XX.  These  data  are  to  be  compared  with  those 
of  Tables  III  and  IV.  The  results  for  the  tests  at  the  low  cross-head  speed  of 
0.002  in. /min  we-e  very  close  to  those  of  the  Phase  I  tests.  There  was  no  appreciable 
change  in  the  tensile  modulus,  the  precision  elastic  limit,  the  microyield  stress, 
the  fracture  mode  or  the  viscoelastic  flow  parameters.  Only  the  fracture  stress  was 
different:  it  decreased  from  10,700  psi  (average)  to  9100  psi  at  the  lower  cross-head 
speed.  Thus,  lowering  the  strain  rate  by  a  factor  of  10  did  not  significantly  change 
the  tensile  properties.  However,  raising  the  strain  rate  by  a  factor  of  5  did  have  an 
effect  on  the  mechanical  properties.  At  the  higher  cross-head  speed  (0.1  in. /min), 
the  effective  tensile  modulus  was  raised,  on  the  average,  22  percent  from 
5.0  x  1 O^  p$i  to  6 . 1  x  10^  psi.  All  the  parameters  associated  with  viscoelasticity 
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*  All  tests  made  at  -65°F 
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were  changed  to  reflect  the  shorter  times  available  for  the  viscoelastic  mechanisms 
to  operate.  Accordingly,  the  P.E.L.  and  the  a  were  increased  while  the 
strains,  fj  and  ?2,  were  decreased.  The  fracture  stress  remained  about  the  same, 
but  the  fracture  mode  became  more  cohesive  at  the  highest  strain  rate.  The  precision 
elastic  limit  nearly  doubled  in  value  so  that  at  0.1  in. /min  the  P.E.L.  was 

14  percent  of  ay  instead  of  8  percent  of  ay  at  the  standard  strain  rate.  Likewise,  the 
microyield  stress  was  increased  to  30  percent  of  the  fracture  stress  compared  to 

15  percent  from  the  Phase  I  tests.  The  strain  at  unloading,  ^  ,  averaged  1 .48  x  10"^ 
at  the  standard  strain  rate;  at  the  higher  cross-head  speed,  this  value  dropped  to 

O. 52  x  10“3.  There  was  a  similar  decrease  in  At  the  high  strain  rate,  the 

recovered  strain  was  about  50  percent  of  at  the  standard  strain  rate,  €2  was 
about  0.31  . 

The  effect  of  bond-line  configuration  was  indeterminate  for  some  properties  because 
any  changes  were  within  the  experimental  scatter.  However,  at  the  low  strain  rate, 
it  appears  that:  the  modulus  was  increased  slightly;  there  was  little  effect  on  the 

P. E.L.,  the  CTm  s,  and  the  fracture  behavior;  the  viscoelastic  flow,  e  j,  was  raised. 
This  latter  observation  may  have  been  somewhat  in  error  because  of  the  possibility 
of  instrument  drift  during  the  long  loading-unloading  times  encountered  at  a  cross¬ 
head  speed  of  0.002  in. /min.  The  same  generalizations  can  be  made  for  the  results 
at  0. 1  in. /min  with  one  exception:  the  strain  at  unloading,  Cj,  was  diminished 
about  45  percent  when  tapered  bond-line  configurations  were  used. 

Shear  Tests 

The  effects  due  to  changing  the  strain  rate  were  minimal  for  the  shear  tests.  The  most 
significant  change  was  in  the  elastic  shear  modulus  at  the  highest  cross-head  speed; 
this  was  an  increase  of  26  percent.  All  the  test  data  are  reported  in  Table  XXI  end 
summarized  in  Table  XXII.  In  the  Phase  I  work,  it  was  shown  that  the  strain  at 
unloading,  €j,  was  about  15  to  30  times  greater  in  the  uniform  bond  line  than  in 
the  tapered  joints.  Similar  observations  were  made  here  for  the  two  alternate  cross¬ 
head  speeds.  The  variations  in  due  to  the  nonuniform  configurations  ranged  from 
a  factor  of  7  for  the  low  strain  rate  to  about  19  for  the  high  strain  rate.  Changing 
the  strain  rate  did  not  alter  this  marked  effect  caused  by  introducing  a  tapered 
bond  line. 

The  tapered  bond-line  configurations  raised  the  elastic  shear  modulus  values  above  that 
of  the  uniform  bond-line  case,  with  the  effect  being  more  pronounced  at  the  higher 
strain  rate.  The  other  strength  values  and  the  fracture  behavior  were  not  appreciably 
altered  by  the  tapered  bond  lines.  For  both  strain  rates  there  was  a  mar'-ed  decrease 
in  the  viscoelastic  flow.  The  strain  at  unloading,  y^,  decrease J  about  85  percent  at 
the  high  strain  rate  when  tapered  bond  lines  were  used. 
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Lap  Shear  Tests 


Although  the  test  program  called  for  only  two  alternate  cross-head  speeds  in  this 
phase,  four  speeds  were  used  -  2.0,  0.1,  0.05  and  0. 002  in  ./min .  The  results, 
shown  in  Table  XXIII,  are  to  be  compared  to  those  of  Phase  I  (Table  VIII).  The 
highest  crcss-head  speed  produced  the  largest  fracture  stresses.  As  the  strain  rate 
decreased,  the  fracture  stress  also  decreased.  Under  the  standard  test  condition 
(Phase  I),  fhe  average  fracture  stress  was  6750  psi,  somewhat  less  than  the  comparable 
value  of  7300  psi  for  the  2.0  in. /min  cross-head  speed. 

PHASE  V,  CRYOGENIC/STRAIN  RATE 

Tests  made  in  this  phase  differed  from  those  of  Phases  I,  ill  and  IV  in  that  they  were 
made  at  the  highest  strain  rate  and  the  lowest  temperature.  The  purpose  wa;  to 
evaluate  strain  rate  effects  at  -65°F.  Each  of  these  experimental  variations  was 
studied  separately  in  Phase  III  (low  test  temperature)  and  Phase  IV  (high  strain  rate). 
Thus,  the  results  presented  here  must  be  compared  to  those  of  Tables  III  through 
VIII  and  XIV  through  XXIII. 

Tensile  Tests 

The  test  results  for  FM1000  on  aluminum  adherends  at  -65°F  using  a  cross-heod 
speed  of  0. 1  in. /min  are  shown  in  Table  XXIV.  A  summary  of  the  results  is  presented 
in  Table  XXV.  This  combination  of  high  strain  rate  and  low  test  temperature  produced 
the  highest  average  values  for  the  effective  tensile  modulus  in  the  entire  FM1000 
program.  Recapitulating,  the  average  effective  tensile  modulus  for  the  standard 
cross-head  speed  at  room  temperature  was  5.0  x  10^  psi;  lowering  the  test  temperature 
to  -65°F  raised  this  value  to  7.15  x  10^  psi  (Table  XV);  increasing  the  strain  rate 
brought  the  value  up  to  6. 1  x  10^  psi  (Table  XX).  When  the  two  changes  were  made 
simultaneously  (Tables  XXIV  and  XXV),  the  average  effective  tensile  modulus  was 
8  .6  x  10^  psi.  The  fracture  stress  in  this  phase  averaged  17,900  psi,  a  value  only 
slightly  greater  than  that  of  Phase  III  (cryogenic).  The  P.E.L.  ''alue  was  comparable 
to  that  of  the  cryogenic  tests  (3750  psi  vs  3420  psi  here).  However,  the  microyield 
stress  values  in  this  series  of  tests  averaged  10,100  psi,  by  far  the  highest  seen  in  the 
program.  This  cr  was  56  percent  of  the  fracture  stress.  The  mode  of  failure  was 
not  much  different  from  those  of  Phases  1,111  and  IV.  As  in  the  earlier  cryogenic 
tests,  there  was  no  viscoelastic  flow  at  any  stress  level . 

The  major  effect  of  the  nonuniform  bond  lines  was  to  increase  the  elastic  tensile 
modulus  by  about  12  percent.  There  was  also  a  slight  decrease  in  the  precision 
elastic  limit,  while  the  other  properties  did  not  change  very  much. 
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Shear  Tests 


These  shear  tests  combined  low  temperature  and  high  strain  rate  with  results  as 
given  in  Tables  XXVI  and  XXVII.  The  average  base-line  shear  modulus  (Table  VI) 
for  this  system  was  1 .43  x  10^  psi.  Increasing  the  cross-head  speed  raised  the 
modulus  to  1 .8  x  10^  psi;  dropping  the  test  temperature  raised  the  modulus  to 
1 .9  x  105  psi.  Making  both  these  changes  together  (high  strain  rate,  low  test  ^ 
temperature)  produced  the  highest  shear  modulus  seen  -  an  average  of  2.15  x  10  psi 
(an  increase  of  50  percent  over  the  Phase  I  value).  The  P.E.L.  showed  a  100  percent 
increase  over  the  Phase  I  value.  The  fracture  stress  was  most  greatly  influenced  by 
the  test  temperature  and  not  very  strongly  by  a  higher  strain  rate.  The  fracture 
stresses  of  this  Phase  V  work  were  essentially  the  same  value  as  for  the  cryogenic 
phase  (III).  As  with  the  tensile  tests,  the  property  showing  the  largest  effect  was 
the  microyield  stress.  The  average  base-line  T  was  620  psi;  lowering  the  test 
temperature  increased  that  to  1470  psi.  Then  coJnbining  the  low  temperature  with 
the  high  strain  rate,  the  microyield  stress  was  2370  psi  (18  percent  of  the  fracture 
stress).  In  Phase  I,  r  *  was  6.5  percent  of  Tp.  Viscoelastic  flow  was  not 
observed  at  any  stress^vel  during  the  experiments  of  this  phase. 

The  shear  modulus  was  increased  about  16  percent  when  tapered  bond-line 
configurations  were  used.  Another  effect  caused  by  the  nonuniform  joints  was  an 
apparent  lowering  of  the  microyield  stress  and  the  fracture  stress. 

Lap  Shear  Tests 


These  lap  shear  tests  were  made  at  three  cross-head  speeds  -  2.0,  0.1  and  0.02  in. /min 
at  -65°F.  The  results  are  shown  in  Table  XXVIII  and  should  be  compared  with  those 
of  Tables  VII  and  VIII  from  Phase  I.  The  average  base-line  fracture  stress  value 
was  6750  psi.  Lowering  the  test  temperature  increased  the  fracture  stresses  at  all 
cross-head  speeds.  Strain  rate  had  a  much  smaller  influence  on  the  fracture  stress. 
Referring  to  Table  XXVIII,  the  greatest  average  fracture  stress  was  8200  psi. 

At  -65°F,  all  the  specimens  showed  complete  adhesive  failure,  listed  as  zero 
percent  cohesive. 

That  the  low  test  temperature  had  a  stronger  influence  on  the  properties  than  did  the 
strain  rate  is  consistent  with  the  observations  of  the  tensile  and  shear  parts  of  this 
phase . 
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PHASE  VI,  BOND-LINE  THICKNESS 


To  study  the  effect  of  bond-line  thickness,  it  was  necessary  to  use  a  paste-type 
adhesive  in  place  of  the  sheet  adhesive  having  o  carrier  cloth  (FM1000).  Wi*h 
FM1000  there  is  one  optimum  thickness  (0.008  in.)  that  must  be  used.  EC2214 
was  selected  as  the  paste-type  adhesive  for  the  thickness  study  because  it  is 
widely  used  in  the  aircraft  industry.  Standard  tests  were  performed  as  in  Phase  I 
except  that  the  adhesive/adherend  system  was  EC2214/aluminum . 

Tensile  Tests 


A  large  number  of  specimens  were  prepared  and  rejected  because  of  unacceptable 
bond-line  thicknesses.  Finally,  9  specimens  with  thicknesses  ranging  from  0.0019 
to  0.0054  in.  were  accepted  for  the  thin  bond-line  configuration  (0.004  in.),  and 
10  specimens  with  thicknesses  of  0.0183  to  0.023  in.  were  accepted  for  the 
thick  bond-line  joints  (0.020  in.).  The  results  are  shown  in  Table  XXIX  and 
summarized  in  Table  XXX.  A  typical  tensile  stress-strain  curve  from  these  tests 
is  shown  in  Figure  14. 

Considering  average  values  from  Table  XXX  and  the  experimental  scatter,  there  were 
no  appreciable  differences  in  properties  between  the  thin  bond  lines  and  the  thick 
bond  lines  for  EC2214  adhesive  on  aluminum  adherends.  The  average  effective  tensile 
modulus  for  all  tests  was  0.91  x  lO^psi.  In  contrast,  FM1 000  on  aluminum  adherends 
had  an  average  effective  tensile  modulus  of  5.5  x  10^  psi .  The  values  for  the  P.E.L. 
and  the  a,  for  EC2214  were  nearly  double  those  for  FM1000.  The  fracture  stresses 
and  modes  of  failure  were  comparable  for  EC2214and  FM1000.  Viscoelastic  flow  was 
readil/  observed  in  all  specimens. 

Using  tapered  bond-line  configurations  with  EC2214  caused  a  change  in  the 
viscoelastic  parameters.  At  similar  stress  levels,  for  the  thin  bond  lines, 
averaged  1 .8  x  10“3  for  uniform  specimens.  The  average  for  the  thin  tapered 
joints  was  0.27  x  10~3/  a  reduction  of  85  percent.  A  similar  effect,  but  not  so 
pronounced,  was  seen  in  the  thick  bond-line  specimens.  Introduction  of  tapered 
bond  lines  had  a  mixed  effect  on  the  other  mechanical  properties,  with  consistent 
trends  in  evidence. 

Shear  Tests 


Because  of  difficulties  in  preparing  suitable  specimens,  a  number  were  prepared  and 
rejected.  Finally,  8  were  accepted  having  bond-line  thicknesses  between  0.0019 
and  0.0056  in.;  9  were  used  with  the  thicknesses  ranging  from  0.021  to  0.0288  in. 
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TABLE  XXIX.  TENSILE,  EC2214,  ALUMINUM,  PHASE  VI 
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TABLE  XXX.  TENSILE  SUMMARY,  EC2214,  ALUMINUM,  PHASE  VI 
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The  nominal  bond-line  thicknesses  were  similar  for  both  the  tensile  and  shear 
specimens.  The  shear  test  results  are  listed  in  Table  XXXI  and  summarized  in 
Table  XXXII.  A  typical  stress-strain  curve  for  these  shear  tests  is  shown  in 
Figure  15. 

Comparing  the  uniform  bond-line  properties  for  thin  and  thick  bond  lines,  it  was 
seen  that  the  thicker  specimens  had  somewhat  lower  values.  The  average  shear 
modulus  decreased  about  6  percent  with  the  thick  bond  lines.  The  thicker  bond 
lines  also  caused  the  following  decrease  in  average  values:  precision  elastic  limit, 

28  percent;  microyield  stress,  28  percent;  fracture  stress,  8  percent.  There  was 
about  a  23  percent  increase  in  strain  at  unloading  (>  j )  for  the  thick  bond-line 
samples  compared  to  that  of  the  thin  samples. 

The  effects  due  to  introduction  of  the  nonuniform  bond-line  thickness  were  not  very 
strong;  no  trends  could  be  observed.  The  one  exception  was  the  viscoelastic 
behavior,  especially  y the  strain  at  unloading.  For  the  thin  bond-line  samples, 
the  tapered  joints  had  an  average  value  for  65  percent  lower  than  for  the 
uniform  bond-line  specimens.  For  the  thick  bond-line  tests,  the  reduction  was 
77  percent . 

The  tensile  modulus  for  EC2214  was  shown  to  be  only  17  percent  of  the  value  for 
FM1000.  Hcwever,  the  shear  modulus  for  EC2214  was  2-£  times  greater  than  that  for 
the  FM1000  under  similar  test  conditions. 

Lap  Shear  Tests 


The  two  thicknesses  chosen  for  testing  were  nominally  0.006  and  0.014  in. 

Table  XXXIII  lists  the  results  for  these  lap  shear  tests  and  includes  one  test  for  a 
specimen  with  a  bond-line  thickness  of  0.022  in.  The  average  fracture  stress  for  the 
0.006  in.  bond-line  joints  was  5950  psi.  Increasing  the  thickness  to  a  nominal 
value  of  0.014  in.  did  not  materially  affect  that  value.  The  specimen  having  a 
bond  line  of  0.022  in.  had  a  lower  fracture  stress  (4900  psi). 


97 


TABLE  XXXI.  SHEAR,  EC2214,  ALUMINUM,  PHASE  VI 
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PHASES  VII  AND  VI 11,.  HIGH  TEMPERATURE/STRAIN  RATE 


The  specimens  for  these  phases  were  Metlbond  329  on  aluminum  adherends. 
Phase  VII  was  devoted  to  establishing  the  base-line  properties  for  this  system. 
Tests  were  made  at  room  temperature  using  the  standard  cross-head  speeds  and 
bond-line  thickness.  In  Phase  VIII,  similar  specimens  were  used  for  tests  at 
160°F  using  the  standard  cross-head  speeds  as  well  as  lower  rates.  The  same 
nonuniform  bond-line  configurations  were  used  here  as  were  selected  in  Phase  I. 

Tensile  Tests 


The  tensile  test  results  for  Phases  VII  and  VIII  are  presented  in  Table  XXXIV  and 

summarized  in  Table  XXXV.  Typical  stress-strain  curves  for  tests  at  72°  and  160  F 

are  shown  in  Figure  16.  In  general  it  can  be  said  that  raising  the  test  temperature 

lowers  the  modulus  and  the  strength  levels  and  increases  the  viscoelastic  flow.  If 

the  strain  rate  is  lowered  at  160°F,  the  same  trends  continue.  Due  to  the  relatively 

large  experimental  scatter,  it  is  difficult  to  delineate  the  effects  due  to  the 

introduction  of  nonuniform  bond-line  thicknesses.  However,  it  can  be  said 

qualitatively  that  tapered  bond  lines  raise  the  modulus;  lower  the  P.E.L.,  the 

a  ,  and  the  fracture  stress;  and  diminish  the  viscoelastic  flow  slightly, 
mys  ' 


Considering  average  values  for  the  various  properties,  the  effects  of  higher  test 
temperature  and  lower  strain  rate  can  be  discussed.  The  average  base-line 
modulus  under  standard  conditions  was  8.3  x  10^  psi.  Raising  the  test  temperature 
to  160°F  lowered  this  value  to  6.5  x  10^  psi.  A  further  decrease  was  noted  when 
the  cross-head  speed  was  reduced  to  0.002  in. /min  -  5.95  x  10^  psi.  The  absolute 
values  for  the  precision  elastic  limit  decreased  as  the  temperature  was  raised  and  as 
the  strain  rate  was  lowered.  In  addition,  for  each  of  those  two  factors,  the  P.E.L, 
as  fractions  of  the  fracture  stress  also  decreased  in  the  order  39,  25  and  17  percent 
of  o^.  The  same  phenomenon  was  noted  for  the  microyield  stress.  Average  absolute 
values  of  a  s  and  as  a  fraction  of  Op  were  2700  psi  (58  percent),  2000  psi 
(40  percent)  and  1450  psi  (33  percent)  for  the  test  conditions,  respectively.  The 
fracture  stress  was  not  changed  much  by  test  temperature  or  strain  rate,  and  the 
fractures  were  nearly  all  100  percent  cohesive  in  nature.  The  viscoelastic  flow  (c^ ) 
was  increased  about  47  percent  due  to  raising  the  test  temperature.  Lowering  the 
strain  rate  did  not  change  this  characteristic  very  much. 


Shear  Tests 


Results  for  the  shear  tests  of  Phases  VII  and  VIII  are  given  in  Tables  XXXVI  and 
XXXVII.  Typical  shear  stress-strain  curves  for  tests  at  72°  and  160  F  are  hown  in 
Figure  17. 
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MAS  1  l'/l  l'-9  7.7-25.9  "  •'  2.6  320  535  6300  60 

MAS1  l'/l  l'-X6  10.8-30.0  "  -  3.5  262  570  5100  1000 
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As  with  the  tensile  results,  raising  the  test  temperature  lowers  the  modulus,  the 
precision  elastic  limit  and  the  microyield  stress;  increases  the  viscoelastic  flow; 
and  does  not  significantly  affect  the  fracture  behavior.  The  magnitude  of  these 
effects  was  smaller  in  the  case  of  tensile  tests  than  it  was  for  the  shear  tests. 
Introducing  a  tapered  bond  line  appears  to  raise  the  modulus,  lower  the  strength 
levels,  and  diminish  the  viscoelastic  flow.  Based  on  average  values,  lowering 
the  strain  rate,  in  addition  to  raising  the  test  temperature,  has  a  negligible  effect 
on  the  proper! ies.  The  average  shear  modulus  for  the  Phase  VII  results  was 
3.6  x  105  psi.  Raising  the  test  temperature  to  160°F  decreased  this  value  only 
13  percent  to  3.12  x  10^  psi.  Lowering  the  strain  rate  by  a  factor  of  ten  did  not 
introduce  any  further  changes  in  the  shear  modulus.  Values  for  the  P.E.L.  and 
rmys  decreased  in  absolute  value  and  percentage  of  the  fracture  stress  when  the 
test  temperatuio  was  raised.  At  72°F,  the  P.E.L.  was  7  percent  and  the  T  was 
22  percent  of  T  .  At  160°F,  these  percentages  were  5  and  10,  respectively, 
for  the  P.E.L.  and  the  T  At  the  higher  temperature,  the  viscoelastic  strain  at 
unloading,  y-j,  was  nearly doubled  that  for  tests  at  72°F.  j'he  recovered  strain, 
as  a  percentage  of  >  |  increased  at  160  F  and  was  raised  even  more  with  the 
lower  strain  rate. 


Lap  Shear  Tests 

The  base-line  tests  at  72°F  with  a  cross  -head  speed  of  0.5  in. /min  had  an  average 
fracture  stress  of  2375  psi,  with  100  percent  cohesive  failure.  When  the  test 
temperature  was  raised  to  160°F,  an  average  value  of  2395 psi  was  observed. 
Lowering  the  cross-head  speed  to  0.05  in  ./min  at  160°F  resulted  in  an  average 
fracture  stress  of  2435  psi,  again  with  100  percent  cohesive  failure.  These  test 
results  are  presented  in  Table  XXXVIII. 

Within  the  ranges  of  temperature  and  strain  rate  used  in  these  two  phases,  it  was 
shown  that  test  temperature  was  more  effective  in  modifying  the  properties  than  was 
changing  the  strain  rate.  The  property  changes  were  relatively  small  for  the 
increase  of  88  F  in  test  temperature. 

PHASE  IX,  AGEING/ENVIRONMENT 

For  this  phase  of  the  investigation,  two  batches  of  FM1000  were  stored  in  different 
environments.  One  batch  was  kept  in  a  controlled  environment  maintained  at  68°F 
with  a  relative  humidity  of  45  percent.  Tensile  specimens  were  prepared  and 
tested  after  4  months'  exposure.  After  8  and  12  months'  exposure,  additional  tensile 
specimens  and  some  lap  shear  specimens  were  prepared  and  tested.  The  second 
batch  of  FM1000  was  stored  in  an  uncontrolled  environment  in  which  both  the 
temperature  and  humidity  fluctuated  from  day  to  day  over  ranges  of  72°  to  75°F 
and  20  to  60  percent  relative  humidity.  After  4  months  in  this  uncontrolled 


TABLE  XXXVIII.  LAP  SHEAR,  METLBOND  329,  ALUMINUM  PHASE 


environment,  specimens  were  prepared  for  tensile  and  lap  shear  tests.  The 
nr  nufacturer's  warranty  for  FM1000  is  6  months  from  date  of  shipment  when 
:ed  below  85°F.  Al!  tests  were  made  using  the  standard  experimental 
conditions  of  Phase  II  with  only  uniform  uorid-iine  thicknesses  (no  tapers). 

Tensile  Tests 


The  test  results  for  the  tensile  specimens  ere  shown  in  Table  XXXIX  and 
summarized  in  Table  XXXX.  Within  the  experimental  scatter,  ageing  in  the 
controlled  environment  did  not  appreciably  alter  the  mechanical  properties  for 
up  to  8  months'  exposure.  However,  the  material  aged  12  months  in  the 
controlled  environment  underwent  marked  decreases  in  properties.  The  tensile 
modulus  dropped  from  6. 3  to  2. 5  x  10^  psi  and  the  fracture  stress  was  lowered 
to  7100  psi  from  10,650  psi.  It  appears  that  the  4  months'  exposure  to  the 
uncontrolled  environment  lowered  the  elastic  tensile  modulus  but  did  not 
affect  the  other  properties  to  uny  great  extent. 

Lap  Shear  Tests 


The  test  results  for  lap  shear  specimens  aged  8  months  in  a  controlled  environment 
and  4  months  in  an  uncontrolled  environment  are  shown  ir,  Table  XXXXI.  In 
contrast  to  the  tensile  results,  there  was  a  marked  deterioration  in  the  properties 
as  a  result  of  ageing.  The  fracture  stress  dropped  55  percent  after  4  months' 
exposure  to  the  uncontrolled  enviionment.  For  the  controlled  environment, 
after  8  months  the  fracture  stress  dropped  68  percent;  after  12  months  there 
was  a  42  percen*  decrease.  The  fracture  mode  was  somewhat  less  cohesive  in 
nature  after  the  ageing.  An  additional  set  of  experiments  was  performed  (see 
Table  XXXXI) .  Lap  shear  specimens  were  cured  and  then  aged  4  months  in  the 
uncontrolled  environment  with  no  deterioration  in  properties.  In  fact,  the 
fracture  stress  was  higher  than  for  freshly  bonded  specimens  (8125  psi  as 
compared  to  7075  psi). 


120 


TABLE  XXXIX.  TENSILE,  FM1000,  TITANIUM,  PHASE  IX 


4) 

> 

vi 

p  4) 

E  -C 

2  1)  O 

u  -©  u 

P  0  n 

it  5  ^ 


(U 

l_ 

3  s  « 

<-*  8  a 

p  u  — 

^  u, 

u_  o 

no 

>m 

o 

*-  1/1  _ 

U  m  C 

5  £  £ 


c 

o 

z  *- 

u  «  •:  c- 

4)  O  E  vi 

a.  lli  Lj  3? 


i/> 

^*5  S. 

J2  *0*0 
c  O  O 


CL 

jfl  C  a 

4)0 


-a 

s 


T3  -5 

Ci  <U  X 

O  4)  * 

i  .  .E 

<J  t/1  _ 


4) 

4>  .£ 

O) 


UJ  _J 

<<8fc 


£•- 
_¥C0 
U  I 

•=  o 


c 

4)  u 
.1  1 
°  E 

5 

#z 


to  o  >o 
N  O'  N 


q28 


99  'O  .  - 

00  o  o 


o  o 

'O  O 

ono 

CM  (N 


3 


in  —  o 
N  00  N 


CO 

—  CM  I 
I  I  CM 

O'O'  — 


o  o 

CO  X 


O' 

in 

M- 


0 

X 


E 

3 


cm  in 

o  — 


o  o 

CD  X 
X  <M 


O  O 
X  m 


5?  5? 

00  CM 

o  x 


in 

m- 

14- 

o 

X 

4- 

'~p 

E 


£8 
m  <n 
cp  co 


c 

4) 

E 

c 

o 


c 

w 

E 

c 

o 


_4) 

2 

4- 

C 

o 

<J 


c 

o 

5 


~o 

<D 

O) 

< 


CO  •M- 
•  • 
it  CM 


CM  CO 
I  I 

EE 

U-  LL 


_0> 

2 

4- 

C 

o 

U 


w 

JC 

■4- 

c 

o 

s 

00 

T3 

4) 

O) 

< 


X  CM 
ICO  M- 


CM 

^  > 
CM  I 
—  CM 


121 


O  'O 

00  00 


5? 

o 


o 

o 

$ 


o 

o 

c 

_C 

o 

_c 

o 

o 

o 

00 

3 

oo 

<D 

X 

o 

o 

o 

00 

X 

X 

o 

oo 

00 

X 

*“• 

r— 

p— 

y 

r— 

r— 

r— 

4. 

4— 

_o 

_o 

4> 

a> 

t- 

O 

o 

o 

in 

in 

_c 

o 

»— 

_c 

in 

X 

• 

• 

• 

• 

• 

• 

• 

• 

o 

K 

LO 

i 

U“> 

J 

MO 

m 

m 

LL. 

Li. 

O 

0 

00 

00 

X 

mo 

<N 

o 

X 

4-  x 

X 

r 

Z 

■  ' 

K 

z 

X 

“ 

c  X 

(U 

E 

c 

o 

v- 

’> 

c 


X 

> 

X 

> 

X 

LU 

X 

o 

c 

UJ 

o 

• 

c 

LU 

o 

• 

"D 

a> 

o 

o"  :  - 

“O 

o  = 

-O 

o  = 

o 

c 

o 

c 

Z> 


c 

o 

5 

M- 

-D 

V 

O) 

< 


M- 

X 


X 

i 

X 


J 


FTT12-X3  7.1  "  "  4.2  720  1780  9700 


122 


TABLE  XXXIX  -  Continued 


-o  o 

CO  CO  N 


o 

o 

O  CM 

o 

CM 

-o 

O'  o 

O  CN 

oo  co 

• 

• 

•  • 

•  • 

•  • 

o 

1  o 

__  O  CN 

o  o 

o  o 

O  I  o 


80  un 
-o  -o 

— "  — '  o’ 


CM 

=  = 


O  ;  = 


in  —  o 
•  •  • 
N  OO  N 


CO 

—  CM  I 
I  I  CM 
O'  O'  — 


>  • 

C  O  : 


c 

o 

u 

c  co  M- 


M-  CM  O 

T)  J.  ,1 

I-  h- 
!?  i —  t— 

<  U.  li- 


c 

o 

o 

c 

D 

C  M"  I— 


ut  P's  tM 

.n 


CM 

5 

CO 

> 

X 

1  >- 

X 

i 

CM  1 

i 

CN 

—  CM 

“U 

CN 

i— 

1 —  h- 

0) 

1- 

h- 

K  1 — 

O) 

H— 

h - 

LL-  LL. 

< 

LL. 

LL. 

TABLE  XXXIX  -  Continued 


TABLE  XXXX.  TENSILE  SUMMARY,  FM1000,  TITANIUM,  PHASE  IX 
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SUMMARY  OF  RESUITS 


The  results  of  this  research  program  will  be  summarized  by  phases,  including  major 
property  values  (average)  and  the  influence  of  the  principal  experimental  variables. 
The  effects  of  introducing  nonuniform  bond-line  configurations  will  be  listed 
separately,  again  byphases. 

Phase  I,  Base-Line  Data 


Properties  of  FM1000  on  aluminum  adherends  (standard  tests): 


Tensile 

Shear 

Lap  Shear 

E*  =  5. 0  x  lO'psi 

G  =  1 .43  x  lO^psi 

fracture  =  6750  psi 

P.E.L.  =  870psi  (0.08a  ) 

P.E.L.  =  320psi  (O.u 3  •_) 

or  =  1580psi  (0.15a)  h 
mys ,  r  F 

oj;  =  10, 800psi 

r  =  620psi  (0. 06t  ) 

mys 

Tj.  -  9500psi 

Cj  =  1.48  x  10*3(@0.8ap) 

y=  5.2  x  10"3  (@  0. 5rp) 

Deviations  from  elastic  flow  occurred  at  very  low  stress  levels  (for  shear,  about  half  that 
for  tensile).  Viscoelastic  flow  was  considerably  greater  for  shear  than  for  tension. 


Phase  II,  Adherend  Material 


Properties  of  FM1000  on  titanium  adherends  (standard  tests): 


Tensile 

E*  =  5. 9  x  lO'psi 

P.E.L.  =810  psi 

a  =1785  psi 
mys 

=10, 160  psi 
=  1.23  x  10“3 


Shear 

G  =  1 .48  x  10^  psi 

P.E.L.  =  246  psi 

T  =  530  psi 
mys 

T  =  7900  psi 
y,  =4.4x  10'3 


Lap  Shear 
fracture  =  7075  psi 


Titanium  adherends  raised  the  tensile  modulus  18  percent  but  did  not  appreciably 
change  the  other  properties. 


127 


Phase  III,  Cryogenic 


Properties  of  FM1000  on  titanium  adherends  (-65° F): 


Tensile 

Shear 

Lap  Shear 

E*  =  7.3  x  105psi 

G  =  1 .98  x  I05  psi 

fracture  =  8435  psi 

P.E.L.  =  2500  psi 

P.E.L.  =  1360  psi 

a  =  5460  psi 
m/s 

dp  =  15, 000  psi 

T  =3120  psi 

mys 

T^=  13,400  psi 

-  nil 

=  nil 

Properties  of  FM1000  al 

uminum  adherends  (-65  F): 

Tensile 

Shear 

Lap  Shear 

E*  =  7.15  x  105  psi 

G  =  1.9  x  105  psi 

fracture  =  8000  psi 

P.E.L.  =  3750  psi 

P.E.L.  =  525  psi 

a  -•  8030  psi 
mys 

CTp  =  17,120  psi 

a  =  1470  psi 

mys  r 

=  13,260  psi 

=  nil 

=  nil 

At  -65°F,all  the  strength  properties  were  increased  in 
viscoelastic  flow. 

value  and  there  was  no 

Phase  IV,  Strain  Rate 

Properties  of  FM1000  on 

aluminum  adherends  (low  strain  rate): 

Tensile 

Shear 

Lap  Shear 

E*  =  5.0  x  105  psi 

G  =  1 . 55  x  10^  psi 

fracture  =  5600  psi 

P.E.L.  =.810  psi 

P.E.L.  -  290  psi 

a  =  1570  psi 

mys 

(7^  =  9100  psi 
c  =  1.38  x  10"3 

T  =510  psi 
mys 

’■p  =  8100  psi 
>,=  10. 7x  10"3 
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Properties  of  FM1000  on  aluminum  adherends  (high  strain  rate): 


Tensile 

Shear 

Lap  Shear 

E*  =6.1  x  10^  psi 

G  =  1 .8  x  10^  psi 

fracture  =  7300 

P.E.L.  =  1510  psi 

P.E.L.  =340  psi 

a  =  3250  psi 
mys  r 

CTp  =  10,700  psi 
e1  =0.52  x  10"3 

r  =  770  psi 
mys  r 

Tp  =  8720  psi 
y1  =  8.1  x  10"3 

The  lower  strain  rate  did  not  appreciably  change  the  Phase  1  properties;  however,  the 
higher  strain  rate  raised  E  and  G  and  the  strength  levels  and  diminished  the  viscoelast 
flow. 

Phase  V,  Cryogenic/Strain  Rate 

Properties  of  FM1000  al 

uminum  adherends  (low  temperature. 

high  strain  rate): 

Tensile 

Shear 

Lap  Shear 

E*  =  8.6  x  10^  psi 

G  =  2.15  x  105  psi 

fracture  =  8200  psi 

P.E.L.  =  3420  psi 

P.E.L.  =  700  psi 

a  =  10, 100  psi 

mys  r 

a  =  17,900  psi 

r 

T  =  2370  psi 
mys  r 

Tp  =  13,200  psi 

=  nil 

y}  =  nil 

This  combination  of  experimental  variables  produced  the  highest  strength 

levels  for  any  of  the  FM1000  tests;  the  effects  were  the  greatest  for  the  tensile  tests. 

Phase  VI,  Bond-Line  Thickness 

Properties  of  EC2214  on 

aluminum  adherends  (thin  bond-line): 

Tensile 

Shear 

Lap  Shear 

E*  =  0.86  x  10^  psi 

G  =  3.4  x  10^  psi 

fracture  =  5950  psi 

P.E.L.  =2350  psi 

P.E.L.  =  385  psi 

a  =  4820  psi 
mys 

(jl  =  10,350  psi 
=  0.65  x  10"3 

r  =  1375  psi 
mys  r 

Tf  =  9330  psi 
^  =3.1  x  10"3 
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Properties  of  EC2214  on  aluminum  adherends  (thick  bond-line): 


Tensile 

Shear 

Lap  Shear 

E*  =  0. 96  x  10  psi 

G  =  3.2  x  10^  psi 

fracture  =  5550  psi 

P.E.L.  =  2230  psi 

P.E.L.  =  277  psi 

a  =  4290  psi 

r  =940  psi 

mys  r 

mys 

CFp  =  10,480  psi 

Tp  =8560  psi 

=  0.32  x  10"3 

y]  =  3.82  x  10'3 

The  effects  due  to  bond-line  thickness  were  indeterminate  for  this  system. 

Phases  VII  and  VIII,  High  Temperature/Strain  Rate 

Properties  of  Metlbond  329 

on  aluminum  adherends  (standard  strain  rate,  72°F): 

Tensile 

Shear 

Lap  Shear 

E*  =  8.3  x  105  psi 

G  =  3.6  x  105  psi 

fracture  =  2375  psi 

P.E.L.  =  1840  psi 

P.E.L.  =  486  psi 

=  2700  psi 

r  =1450  psi 

mys 

(Tp  =  4680  psi 

Tp  =  6730  psi 

£  1  =  0.45  x  10'3 

=  1.6  x  10"3 

Properties  of  Metlbond  329 

on  aluminum  adherends  (standard  strain  rate,  160°F): 

Tensile 

Shear 

Lap  Shear 

E*  =  6. 5  x  10^  psi 

G  =  3. 12  x  105  psi 

fracture  =2395  psi 

P.E.L.  =  1270  psi 

cr  =2000  psi 
mys 

tfp  =  5070  psi 


P.E.L.  =  287  psi 


€  =  0.74  x  10 


-3 


T  =  538  psi 
mys 

t  p  =  5830  psi 
y  ^  =  2.75  x  10 


-3 
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Properties  of  Metlbond  329  on  aluminum  adherends  (low  strain  rate. 


160°F): 


Tensile 

E*  =  5. 95  x  103  psi 
P.E.L.  =  750  psi 

V=  1450  psi 

Oj.  =  4450  psi 
e  =  0.78  x  10"3 


Shear 

G  =  3. 12  x  103  psi 

P.E.L.  =  304  psi 

T  =  630  psi 
mys  r 

Tp  =  6400  psi 
y]  =  2.35  x  10'3 


Lap  Shear 
fracture  =  2435  psi 


The  higher  test  temperature  lowered  the  modulus  values  and  decreased  the 
strength  levels.  Reducing  the  strain  rate  accentuated  that  trend. 


Phase  IX,  Ageing/Environment 


Tensile  properties  of  FM1000  on  titanium  adherends: 


Fresh 

Adhesive 

E*  (psi) 

6.3  xlO5 

P.E.L. 

1510  psi 

a 

3100  psi 

mys 

°f 

10,030  psi 

'i 

1.26  x 10” 

lap  shear 
fracture 

7075  psi 

Aged 

4  Months 
Controlled 

Aged 

8  Months 
Controlled 

5. Ox  105 

6.1  x  105 

890  psi 

1800  psi 

1525  psi 

3560  psi 

10,850  psi 

9050  psi 

1.95xl0“3 

0.71 x 10"3 

_ 

2290  psi 

Aged 

Aged 

4  Months 

12  Months 

Uncontrolled 

Controlled 

4.8  x  105 

2.5  x  105 

1 250  psi 

475  psi 

3190  psi 

1530  psi 

10, 075psi 

7100  psi 

1  .Ox  10-3 

8.2  x  10"3 

3880  psi 

4100  psi 

The  effects  due  to  ageing  were  more  pronounced  for  the  lap  shear  specimens  than 
for  the  tensile  tests. 

Nonuniform  Bond-Line  Effects 

The  effects  due  to  introducing  nonuniform  bond-line  configurations  are  summarized 
in  Table  XXXXII.  The  most  striking  influence  of  nonuniformity  was  the  large 
reduction  in  viscoelastic  strain  (both  f  j  and  y j ).  Generally  the  modulus  values 
were  raised,  with  only  small  changes  in  the  strength  levels.  The  fracture  stress 
values  were  not  significantly  changed. 
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TABLE  XXXXII.  EFFECTS  OF  NONUNIFORM  BOND  LINES 


strongly  lowered  L  -  lowered  N  -  not  changed  R  =  raised 


CONCLUSIONS 


Based  on  the  test  results  and  their  interpretation,  the  following  conclusions 
have  been  drawn: 

1 .  Tapered  bond  lines  do  not  degrade  the  basic  properties  of  the 
adhesive,  the  fracture  stress  is  not  reduced,  the  mode  of  failure 
is  not  changed,  and  the  values  for  the  precision  elastic  limit  and 
microyield  stress  remain  largely  unchanged.  Some  property  values 

are  improved,  such  as  the  modulus,  which  is  usually  slightly  increased. 
The  largest  improvement  is  a  marked  reduction  of  viscoelastic  strain 
following  a  load-unload  cycle. 

2.  Poor  bonding  and  curing  practices  and  out-of-date  adhesive  have 
the  most  damaging  effects  on  bonded  joint  properties. 

3.  Deviations  from  perfectly  elastic  behavior  occur  at  surprisingly  low 
stress  values.  However,  much  of  that  strain  is  recovered  within  two 
minutes  after  unloading. 

4.  The  elastic  limits  are  much  lower  for  shear  loading  than  for  tensile 
loading,  and  the  viscoelastic  strain  is  greater  for  shear  ( y than 
for  tension  (€^) . 

5.  V/ithin  the  range  of  variables  used  here,  temperature  had  a  larger 
influence  on  the  properties  than  did  the  change  in  strain  rate. 

6.  Raising  the  test  temperature  has  the  same  general  effects  as 
decreasing  the  strain  rate.  Conversely,  a  lower  test  temperature 
causes  the  same  kind  of  changes  as  raising  the  strain  rate.  Both 
sets  of  effects  are  due  to  modifications  in  the  viscoelastic  strain 
mechanisms. 

7.  Temperature  excursions  below  the  curing  temperature  do  nor  change 
the  room-temperature  property  values. 

8.  Ageing  of  FMIOOO  for  12  months  at  68°F  with  a  relative  humidity  of 
45  percent  produced  a  marked  decrease  in  the  tensile  properties. 
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